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ABSTRACT 
Growth, Yield, and Foliar Injury Response of Early-Maturing 
Soybean Genotypes to Ozone and Fusarium oxysporum 
May 1985 
John P. Damicone, B.S., University of Rhode Island 
M.S., Ph.D., University of Massachusetts 
Directed by: Dr. William J. Manning 
Soybean genotypes of maturity classes 00, 0, and I were 
screened for foliar injury response to ambient ozone in 
1982 and 1983. PI 153.317 and PI 189.907 were tolerant (T) 
to ozone (no visible foliar injury). PI 153.283 and PI 
153.284 were sensitive (S) in response with stippling and 
premature defoliation to 20%-40% of foliage. Genetic 
\ 
analysis of ozone sensitivity using an acute screening pro¬ 
cedure (.30 ppm, 4 h) in a greenhouse indicated the trait was 
quantitatively inherited with a broadsense heritability of 
33.9%. PI 153.283 (S) and PI 189.907 (T) were grown in 
greenhouses with ozone (.06-.08 ppm, 6hr/d, 5d/w) and 
Fusarium oxysporum (500 cfu/g soil) alone and in combination 
for 8 weeks. In contrast to field results, PI 189.907 (T) 
was visibly injured in the greenhouse, however, symptom 
expression was delayed 14 d and severity was 50% less com¬ 
pared to PI 153.283 (S). Significantly more leaves were 
injured by ozone on Fusarium-infected PI 189.907 (T) plants. 
iv 
however, ozone had no effect on root/hypocoty1 rot severity 
of either genotype. Ozone significantly reduced shoot dry 
weight of only PI 153.283 (S) plants while significantly 
reducing root dry weight of both genotypes. Ozone reduced 
relative growth rate of PI 153.283 (S) but not PI 189.907 (T). 
In combination, Fusarium infection enhanced the adverse 
effects of ozone on relative growth rate of both genotypes. 
Relative growth rate reductions were due to lower unit leaf 
rate and not leaf area ratio. Protective applications of 
ethylene diurea (soil drench)(EDU) or benomyl (foliar spray) 
were made to the two ozone-sensitive and two ozone-1olerant ' 
genotypes grown in non-fumigated soil in the field in 1984. 
Both compounds were effective antioxidants for reducing 
ozone induced foliar injury and losses in pods/plants, seeds/ 
plant, and seed weight/plant with both sensitive genotypes. 
v 
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CHAPTER I 
LITERATURE REVIEW AND INTRODUCTION 
Ozone is an important and widespread air pollutant that 
adversely affects vegetation (34,68). Plant injury from 
ozone exposure has been known since 1950 when oxidant stipple 
of grapes was described in California (100). Ozone was later 
c . 
found to incide weather fleck of tobacco in 1960 (48). Ozone 
has been subsequently found to injure a wide range of plant 
species including perennial and annual crops (41,45,46,68). 
Sensitive crops include carrot (7), potato (9,17), onion 
(26), bean (10,98), corn (32), and soybean (37,114). 
Ozone is present in high concentrations in stagnant and 
polluted air often termed smog or haze (18). Ozone concen¬ 
tration in the lower atmosphere (troposphere) is considered 
a general indicator of air quality (18). Ozone is part of 
the photochemical oxidant complex (18). Ozone is a secondary 
product generated from reactions of nitrous oxides (NOx) and 
sunlight (18,41). Air is considered unhealthy when ozone 
concentrations exceed the national standard of .12 ppm for 
one hour set recently by the Environmental Protection Agency 
(18). This standard was raised from the 1971 figure of .08 
ppm for one hour based primarily upon human health effects 
(18). Vegetation is injured by prolonged exposure to ozone 
at concentrations as low as .06 ppm and the national standard 
1 
2 
is often exceeded, even in rural areas (19,41). 
Ozone reaches phytotoxic concentrations or higher in 
rural areas due to long range transport of the pollutant 
and its precursors (18,19,60,68,107,108). Urban plumes can 
remain intact and travel over 200 miles to downwind urban 
and rural sites (60,68,108). In the northeast U.S., the 
Greater Metropolitan New York City area is considered the 
r 
major source of ozone and its precursors (18,19). Prevailing 
winds during the summer months, under optimal conditions for 
ozone synthesis and longevity, are in the N to NE direction 
(18,19). Ozone concentrations over .20 ppm have been re¬ 
corded in rural areas of west-central Massachusetts and 
Connecticut (19,60). 
The phytotoxicity of ozone can be divided into two 
general categories. Acute injury results from exposure of 
plants to relatively high concentrations of ozone for short 
time periods (l-2h)(41). Chronic injury results from 
exposures to low ozone concentrations for long time periods 
(41). Acute injury is initially manifested by visible injury 
symptoms appearing 24-48h after exposure as flecking, stipple, 
or bronzing of affected foliage (42). Chronic exposure may 
result in visible and/or invisible injury (42). Invisible 
injury can be manifested as a reduction in plant photo¬ 
synthesis, overall unhealthy appearance without necrosis, 
and reduced growth and/or yield (42). This hidden injury is 
3 
a result of altered biochemical and physiological processes 
culminating in lowered plant productivity (42). Acute and 
chronic injury classifications are not absolute and plants 
grown under ambient conditions are often subjected to both 
acute and chronic ozone episodes (41,42). Both injury types 
can contribute to growth and yield reductions (41,59). 
Foliar injury may directly affect marketable plant parts as 
c . 
in tobacco, or may indirectly affect yield by altering photo- 
synthate partitioningand metabolism as in corn and soybean. 
However, foliar sensitivity and yield responses to ozone are 
not always related and their relationship is not well under¬ 
stood for crops where foliage is not a yield component 
(37,44,45). 
Environmental conditions can influence plant response to 
ozone. Foliar injury response to ozone in bean and tobacco 
is affected by light intensity, relative humidity, and 
temperature (24,25). Plants exposed to .40 ppm ozone for lh 
were more sensitive under increasing light intensities and 
relative humidities (24). A similar study showed plants 
grown under light intensity of 21.5 klux to be more sensitive 
than those grown under 10.7 klux, while an extremely high 
light intensity of 43 klux inhibited ozone injury (25). 
Beans were injured with increasing severity when grown at 
45, 60, 75, and 90% relative humidities and 21, 27, and 32°C 
(25). Relative humidity is an important modifier of pollu- 
4 
tant uptake (86). More ozone and sulphur dioxide are taken 
up by kidney bean leaves at higher relative humidities (86). 
Water availability affects stomatal conductance and pollutant 
uptake. It was observed early on that water stressed tobacco 
was resistant to ozone and this was attributed to stomatal 
closure and pollutant exclusion (22). Relative humidity and 
temperature are also thought to influence uptake by altering 
stomatal conductance (22,87). Thresholds exist for all these 
environmental parameters below which little or no ozone 
damage occurs. 
Variability in sensitivity to ozone often exists within 
a species. It was observed that variability existed among 
tobacco cultivars when ozone was first described as the 
cause of weather fleck. (47). Resistance or tolerance to 
ozone has since been identified in soybean (35,89,114), sweet 
corn (14,32), potato (17,23), onion (26), petunia (31), tall 
fesque (58), and bean (64,103) cultivars. Tolerance to ozone 
and other phytotoxic pollutants has important implications 
for plant breeding as these traits are heritable in many crop 
species. Single dominant genes confer foliar tolerance to 
sulphur dioxide in cucumber (12), and to ozone in onion (26). 
Tolerance to ozone in most crops studies has been shown to be 
quantitatively inherited. A few genes control tolerance to 
ozone in potato (23), corn (14), and bean (63). Additive 
genes confer tolerance to ozone in tall fesque (58), petunia 
5 
(31), and tobacco (54). 
The mechanisms involved with tolerance to ozone were 
elucidated for some species. An onion genotype has stomatal 
guard cells that rapidly close in the presence of ozone (26). 
Reduced stomatal density was correlated with tolerance in 
bean (65) and tobacco (22). Plants with low stomate density 
or having stomata that close in the presence of ozone appar¬ 
ently take up less pollutant than others resulting in reduced 
injury. Ozone tolerance in tobacco is related to plant water 
balance (112). The tolerant genotype, BelB has a smaller 
root system than the sensitive genotype, BelW (112). This 
results in a slower rate of water transport to leaves and a 
lower leaf water potential. These characteristics contribute 
to increased stomatal resistance and lower pollutant uptake 
(112). All tolerance mechanisms described to date directly 
or indirectly involve stomate function and pollutant uptake. 
Tolerance to ozone is now used widely in tobacco production 
for weather fleck control. 
Antioxidant compounds have been identified and used to 
reduce ozone damage and as tools for crop loss assessment. 
Ethylene diurea (EDU) is a material that may be applied as a 
foliar spray or soil drench to protect plants from ozone 
(15). EDU was used successfully under controlled conditions 
and in the field on beans (15,50,124), potato (8,17), to¬ 
bacco (9), and tomato (73). The material was used to demon- 
6 
strate yield loss due to ozone with potato (17) and navy bean 
(50). The efficacy of EDU as a drench and foliar spray was 
assessed for potential use on 44 herbaceous species under con¬ 
trolled conditions (16). Effectiveness of the compound and 
optimal rates and method of application were species dependent 
(16). Results with soybeans have shown that EDU reduces foliar injury in 
_X i; 
the greenhouse and field, however yield effects are inconclu- 
i 
sive (16,106). The mode of action of EDU apparently involves 
production of a protective enzyme (superoxide dimutase)(72) or 
inhibition of peroxidase destruction (101). Benomyl is a com¬ 
monly used systemic fungicide that also has antioxidant proper¬ 
ties. Benomyl was applied as a foliar spray or soil drench to 
protect beans in the greenhouse (82,84) and in the field (50, 
83) from oxidant damage. Benomyl reduces electrolyte leakage 
from cells and chloroplast disruption in treated leaves exposed 
to ozone (102,109). Benomyl is thought to maintain membrane 
integrity in the presence of ozone (109). EDU and benomyl 
delay leaf abscission and the onset of senescence indicating 
the materials have growth regulator properties (50,102). Both 
compounds are protective in nature and must be applied fre¬ 
quently to cover new growth (15,82). 
Plants can be attacked by biotic plant pathogens before, 
during, or after exposure to ozone. The influence of pol¬ 
lutant injury and stress on host parasite interactions has 
received considerable attention (69). Although types of 
7 
interactions can vary depending upon the host-parasite- 
pollutant in question, generalizations can be drawn. Ozone 
reduces a number of foliar diseases caused by obligate fungal 
parasites (69,76,82 ). Erisiphe graminis on barley, Puccinia 
spp . on wheat and oats, and Uromyces on bean cause less 
disease on plants previously exposed to ozone (34,69). Often 
lesion size and pathogen sporulation are restricted in 
ozonated plants (69). Ozone enhances fo.liar infection and 
disease development for non-obligate fungal parasites (34, 
69,76). Increased disease development on ozone injured foli¬ 
age was observed for Botrytis spp. on onion, potato, and 
geranium; for A1ternaria solani on potato; and for Helmin- 
thosporium maydis on corn (8,69). Results indicate that 
these parasites grow, cause more and larger lesions, and 
sporulate more on ozone damaged compared to non-damaged 
leave s. 
Studies on ozone interaction with bacterial pathogens 
show ozone can modify host susceptibility to bacteria and 
vice versa (69). Ozone reduced Xanthomonas fragariae 
infections of wild strawberry, but the bacterium had no 
effect on pollutant symptoms (69). Psuedomonas glycinea 
infection of soybean leaves is inhibited by ozone and also 
does not alter pollutant sensitivity (70). Soybean foliage 
was reciprocally challenged by ozone and a hypersensitive 
response inducing psuedomonad (93). Pre-exposure inoculation 
8 
inhibited ozone injury symptoms and increased the hyper¬ 
sensitive respone (93). Hypersensitivity was reduced for 
previously fumigated plants inoculated with the bacterium 
(93). Bacterial diseases are generally inhibited by ozone 
while bacteria may or may not reduce ozone effects. 
Virus infections have provided protection against ozone 
injury (34,69). Tobacco mosaic virus, bean common mosaic 
virus, and tobacco etch virus induce host tolerance to ozone 
(69). Soybean foliage is also protected from ozone by 
tobacco ringspot virus (119). Protection against ozone 
injury by virus infection is so complete that it has been 
termed induced resistance (119). 
Ozone adversely affects root growth and can influence root 
microbial infections despite lack of direct contact with 
roots. Ozone reduced root growth, respiration, and nodula- 
tion by Rhizobium j ap onicum in pinto beans and soybeans (10, 
50,99). Ozone reduced reproduction of the fungal symbiont 
Glomus geosporum on soybean roots but had no effect on root 
colonization by the fungus (13). An additional effect of 
ozone on pinto bean roots was stimulation of colonization by 
y 
Fusarium oxysp orum (80). Ozone and Pyrenochae ta lycopersici 
r 
additively reduced root growth of tomato (85) and increased 
root infections by Pythium and Fusarium (78). Oxidant air 
pollution increased root, sapwood, and stump colonization by 
Fomes annosus in ponderosa pine (56,57). Ozone and Rhizoc- 
tonia interactions were investigated with ladino clover and 
9 
tall fesque with contrasting results (66). Ozone and Rhizoc- 
tonia additively reduced root growth and nodulation of ladino 
clover while ozone inhibited disease development by the fungus 
with tall fesque (66). Ozone also protects tomatoes from wilt 
caused by F_. oxyp or urn f.sp. lycopersici (77). 
Ozone has no effect on some host-soilborne pathogen inter¬ 
actions. Ozone had no effect on fusarium yellows incidence 
c 
in Fusarium resistant and susceptible cabbage cultivars (81). 
The interaction of ozone and Pratylenchus penetrans was 
studied in tomato (105). P_. p ene t r an s did not influence 
plant response to ozone and ozone did not affect P. p en e t ran s 
severity (105). Reproductive capacities of cyst and stubby 
root nematodes were reduced on soybeans exposed to ozone, 
however no interaction on root growth was evident (69) . 
Alternatively, the influence of soilborne pathogens on 
ozone sensitivity has received little attention (69). Only 
a single case has been reported to show a soilborn pathogen 
capable of modifying host response to ozone. Field-grown 
tobacco inoculated with the root-knot nematode, Meloidogyne 
hap la, was more sensitive to ambient ozone than non-inocu- 
lated plants (9). It appears that ozone-soilborne pathogen 
interactions are variable and must be examined for each host- 
parasite system in question. 
Soybean is a widely grown agronomic crop that is ozone 
sensitive. Early work on ozone effects centered on acute 
10 
foliar sensitivity and genotype variability of visible injury. 
Visible ozone injury to soybean leaves is manifested as 
stipple or bronzing of adaxial surfaces of cotyledonary, 
unifoliate, and trifoliate leaves (53,113). Acute exposures 
(.25-.50 ppm) were used to describe injury responses and 
genotypic variability was found among cultivars tested (89, 
114). Chronic exposures (.05-.10 ppm) of ozone sensitive 
soybean cultivars reduced root and shoot growth of seedlings 
while causing moderate foliar injury symptoms (115). Leaves 
most sensitive to ozone were those in later stages of leaf 
expansion having low stomatal resistance (113). Soybean 
foliar injury was histologically characterized for acute 
exposures of .30 ppm (94). Paraveinal cells were attacked 
first followed by palisade and spongy mesophyll cells (94). 
Injured cells had collapsed protoplasts and extensive membrane 
disruption when observed via electron microscopy (94). 
Ozone exposure techniques and environmental conditions 
are important modifiers of soybean injury response and cul- 
tivar ranking for sensitivity. Sensitivity ranking of four 
soybean cultivars differed depending on the response measure 
and ozone concentration and duration (35). Rankings were 
different for foliar injury and growth response measures, or 
for chronic and acute exposures (35). The threshold dose for 
appearance of foliar symptoms was between .06 and .09 ppm for 
6h (35). Acute exposure of the same cultivars (.60 ppm, 1.5h) 
resulted in different sensitivity rankings depending upon 
11 
fertilizer rate and hour and season of exposure (36). Plants 
were more sensitive at 0900-1130 h than 1400 h, in June than 
January or March, and when soluble fertilizer (6-25-15) was 
applied at a moderate rate (36). Sensitivity of plants ex¬ 
posed in open-top field chambers did not vary with fertilizer 
rate, growth media, or light intensity (39,40). Finally, 
prior exposure history of plants affects injury response to 
an acute exposure. Sensitivity to an acute exposure (.20 ppm 
3 h) was increased by previous chronic exposure that caused 
little or no visible injury (59). Acute sensitivity was 
decreased by chronic exposures that caused moderate to severe 
foliar injury (59). This injury response-environment inter¬ 
action has hindered the development of a reliable screening 
proceedure for soybean genotypes (35,39). 
Ozone can reduce yield in soybeans as well as damage 
foliage. Yield loss was demonstrated using open-top field 
chambers with ambient air (52), charcoal filtered air with 
.03-.10 ppm ozone (39,72), and using a linear gradient expo¬ 
sure technique (96,97). Ozone and sulphur dioxide can inter¬ 
act to enhance injury severity in the field however, the 
effect of pollutant combinations is less than additive (38, 
97). Foliar sensitivity and yield losses have not always 
been directly related in these soybean field chamber studies. 
Plants with tolerant foliage do not always produce higher 
yields than those with susceptible foliage (37,38). Certain 
cultivars can apparently tolerate-a level of foliar injury 
12 
without yield loss (39). Another explanation is that cul- 
tivar yield characteristics are independent of foliar sensi¬ 
tivity characteristics (39). Others have argued that yield 
reductions due to foliar injury can occur if injury occurs 
during critical growth stages and that indeterminate cul- 
tivars are more prone to yield losses due to prolonged 
flowering and pod set periods (95). Results from open-top 
field chambers have culminated in predictive dose-yield 
response models that are .linear (96) or conform to the 
Weibull model (38,44,45). 
Soybeans are attacked by a variety of soilborne pathogens 
including Fusarium. F_. oxysporum was first described as 
causing wilt of soybeans and was considered to be either race 
1 of the cowpea wilt pathogen or race 2 of the cotton wilt 
pathogen (2,3). A new form, F_. oxysporum f.sp. glycines was 
later described that caused wilt in only soybeans (4) . 
Survey work and pathogenicity testing in Minnesota implicated 
F. oxysporum as the predominant pathogen in the root rot 
complex of soybeans (30). Nienty percent of the fields 
sampled had root rot and £. oxysporum was more prevalent and 
virulent than Rhizoctonia (30). The pathogen was found to 
cause root rot (pruned root systems), plant stunting, and 
limited wilt and vascular discoloration in affected plants 
(30). Soybean root rot was evaluated in Maryland and F. 
oxysporum was considered to be a secondary pathogen to 
Pythium and Rhizoctonia (61). Others have found F. oxysporum 
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associated with pre-emergence seed decay, seedling rot, and 
root rot but question the status of the fungus as a primary 
pathogen (103,104,123,124). Recently fusarium wilt of soy¬ 
beans has become an increasingly severe problem in Delaware 
(29). The disease has been associated with moisture stress 
and the cultivar Essex is severely affected, often showing 
50-60% yield loss due to wilt (71). A screening technique 
for the disease and variation in cultivar susceptibility 
have been reported (71). 
Plant growth is affected by both biotic and abiotic 
pathogens. Plant growth can be described, modeled, and 
broken into components using plant growth analysis techniques 
(55). Measurements of leaf area and dry weight of component 
plant parts are measured at specific sequential time inter¬ 
vals and are subjected to regression analysis (55). Growth 
curves that describe treatment effects are generated via 
differentiation of the regression equations (55). Growth 
analysis has been used to explain air pollution effects on 
plant growth. Snap beans exposed to ozone at .30 and .60 
ppm showed reduced relative and apparent growth rates (10). 
Lollium perenne was fumigated with sulphur dioxide and 
reduction in relative growth was shown to be a result of a 
lower net assimilation rate (6). The relative growth rate of 
parsley plants fumigated with .20 ppm ozone was reduced only 
in the initial stages of growth (90). The influence of ozone 
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on cotton growth was examined and relative growth rates were 
partitioned into component plant part growth rates (91). 
This partitioning is important because it allows the eludida- 
tion of ozone effects on growth of yield components. Growth 
analysis of soybeans was used to characterize growth changes 
due to row spacing, plant density, and other agronomic prac¬ 
tices (48). Growth analysis techniques have not been used 
for evaluating growth effects on soybeans by biotic pathogens 
or air pollutants. 
Most research on pollution and disease effects on soy¬ 
beans has dealt with soybean maturity classes suitable for 
culture in central and southern U.S. latitudes. Improve¬ 
ments have recently been made in early-maturing soybean 
genotypes that are adapted to cool and short season environ¬ 
ments (33,51). Maturity classes 00, 0, I, are suitable for 
culture in Massachusetts. No reports on ozone sensitivity, 
or the inheritance of ozone sensitivity in these genotypes 
have been made. Ozone-soilborne pathogen interactions in 
soybeans have also not been examined. Only ozone-soil 
symbiont interactions have been investigated with soybeans 
(10,13). Ozone inhibition of symbiotic relationships and the 
adverse effects of the pollutant on root growth indicates 
potential interaction with soilborne pathogens. The objec¬ 
tives and scope of this dissertation research were: 
1. To evaluate several early-maturing soybean genotypes 
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for sensitivity to ozone with regard to visible injury 
(Chap . I) . 
2. To investigate the inheritance of foliar tolerance 
to ozone (Chap. II). 
3. To determine the effects of ozone and Fusarium 
oxysp orum on growth, root disease, and visible injury for 
soybean genotypes sensitive and tolerant to ozone (Chap. 
Ill) . 
4. To evaluate the efficacy of EDU and benomyl as anti¬ 
oxidants under ambient conditions in order to determine the 
relationship of foliar sensitivity to yield (Chap. IV). 
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CHAPTER II 
EVALUATION OF EARLY-MATURING SOYBEAN GENOTYPES FOR 
FOLIAR SENSITIVITY TO AMBIENT OZONE AND INHERITANCE 
OF INJURY RESPONSE 
Methods and Materials 
r 
< 
Field experiments 
Soybean plant introductions (PI) and U.S./Canadian 
cultivars were obtained from the USDA soybean germplasm 
collection. Department of Agronomy, at the University of 
Illinois. 133 genotypes of maturity class 00, 0, and I were 
obtained that represented different worldwide geographic 
locations. Plants of each genotype were grown in a non- 
fumigated field at the experimental farm in So. Deerfield, 
MA in 1982 for seed increase and for ozone sensitivity 
evaluation. A site containing fine sandy loam was chosen 
and ground limestone was added at 2241 kg/ha in May 1982. 
The site also received 0-44-83 kg/ha N-P-K granular fertil¬ 
izer prior to planting. One row of each genotype was 
machine planted (50 seeds/genotype) on May 29, 1982. A 
powdered peat preparation of Rhizobium japonicum (soybean 
inoculant, Nitragin Co., Clearwater, Fla.) was added to the 
furrow via a granular applicator mounted on double disc 
opening planters. Rows were on 75 cm. centers and seeds 
were spaced 10 cm. apart. Weeds were managed by pre- 
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emergence application of 1.7 kg/ha a.i. alachlor (2-chloro- 
2 ' , 6 1-diethyl-N-(methoxymethy1)-acetanilide) and .85 kg/ha 
a*i* linuron (3-(3,4 dichloro-pheny1)-1-methoxy-1 methyl 
urea). These herbicides are not known to affect plant injury 
response to ozone. Plots were hand weeded late in the season. 
Ozone concentrations were monitored in Amherst, MA throughout 
the summer using a Dasibi model 1003AH UV spectrophotometer 
ozone analyzer. Ozone concentrations were continuously 
recorded with a chart recorder. 
Plants were evaluated for ozone injury by estimating 
visible foliar symptom severity on two dates, 7/21 and 8/23. 
Each plant was examined and oxidant stipple (bronzing) was 
quantified using the following ozone injury index: 0= no 
visible symptoms, 1= < 2 5% leaves stippled, 2=>25%-<50% 
leaves stippled, 3=>50%-<75% leaves stippled, 4= >75%-100% 
leaves stippled. Mean ozone injury indices were calculated 
for each genotype and averaged over both evaluation dates. 
Forty-one genotypes classified as tolerant, intermediate in 
sensitivity, and sensitive to ambient ozone were chosen for 
further evaluation. Selection choice was also affected by 
maturation performance, infection of certain genotypes with 
l 
foliar plant pathogens, and contamination of certain genotypes 
with virus (s ) . 
The forty-one genotypes selected were grown in 1983 in a 
non-fumigated field at the experimental farm in Amherst, MA. 
2 
A 560 m site containing sandy loam soil was chosen that had 
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been previously cropped to snap beans. Ground limestone at 
1120 kg/ha and granular fertilizer at 39 kg COCNI^^* 39 kg 
(NH^^ and 39 kg K^O per ha were incorporated into the 
soil. The site was divided into 3 blocks. Each block 
contained a 2m plot of each of the 41 genotypes. Plots were 
planted consecutively in rows 1.22 m apart with no space 
between plots. Seeds were dusted with the powdered peat 
preparation of Rhizobium j aponicum prior to hand planting on 
June 2, 1983. Weeds were manually removed throughout the 
growing season and irrigation was applied overhead as needed 
to prevent moisture stress. Ambient ozone concentrations in 
Amherst, MA were determined as described above. Plants were 
evaluated for ozone sensitivity using the ozone injury index 
described above on two dates, 7/14, and 8/14. Mean injury 
indices were calculated over blocks and dates for each geno¬ 
type. Genotypes were ranked as tolerant, intermediate in 
sensitivity, and sensitive to ambient ozone based upon injury 
response in 1982 and 1983. 
Three parental (P) lines were chosen for a genetic anal¬ 
ysis of ozone injury responses. Crosses were made between 
two ozone-tolerant and one ozone-sensitive genotype during 
the summer of 1983. Reciprocal crosses were made between 
PI 153.283 (ozone sensitive-P3) and PI 153.317 (ozone 
tolerant-Pl) or PI 189.907 (ozone tolerant-P2) according to 
standard procedure (27). The sensitive genotype (P3) had 
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white flower color and green hypocotyls while the tolerant 
genotypes (Pl,P2) had purple flower color and purple hypo¬ 
cotyls. These traits were used as genetic markers for the 
analysis to identify F^ crosses from inadvertant self- 
polinations (92). F^ and parental lines were grown in 1984 
in Amherst, MA. All F^ plants arising from P3 x Pi and P3 x 
P2 crosses having purple hypocotyls (and flowers) were used 
to produce Y ^ seed. Pollen from F^ plants was backcrossed 
to P3 to produce backcross populations. Additional recip- 
ricol F^ crosses were also made during 1984. F^, F^, and 
backcross seeds were collected and used for the genetic 
analysis. 
Greenhouse experiments 
A greenhouse screening procedure was developed to test 
the populations produced for sensitivity to an acute ozone 
exposure. Two 48x46x81 cm plexiglass chambers with a 6.3 
cm diam. port in each chamber were enclosed in the greenhouse. 
The chambers had no bottoms and were seated in galvanized 
metal trays filled with sand. The two chambers were connected 
with 6.3 cm diam. vacuum tubing attached to each port. Ozone 
was generated with a variable output Wellsbach ozone gener¬ 
ator in one chamber and was force ventilated into the ex¬ 
posure chamber with a Dayton lcl80 blower. Ozone was moni¬ 
tored in the exposure chamber with a teflon probe attached to 
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the Dasibi ozone analyzer. The variable output on the ozone 
generator allowed - .02 ppm control over ozone concentration 
in the exposure chamber. Additional lighting was supplied 
with a General Electric 400 HID lamp suspended 1.5 m above 
the exposure chamber. Sand was saturated with water prior to 
use so that relative humidity was >90% during fumigations. 
Temperature during fumigations ranged from'27-30°C. 
Seeds were treated with _R. j aponicum and were sown in 
10.16 cm pots filled with steam pasteurized potting medium 
(1soi1:1sand:lpeat, lime to pH 6.5—7.0) at one seed per pot. 
35 pots were planted each day over a three week period as the 
chamber size permitted only 30 pots per fumigation. Fumiga¬ 
tions were conducted from 0930-1330 hr EST at .30 -.02 ppm 
ozone. Plants were grown in the greenhouse at 21-32° C and 
fumigated when the first trifoliate leaf was fully expanded 
(approx. 21 days after planting). Three ozone sensitive 
P3 plants were included in each fumigation. Pi, P2, P3, F ^, 
F^, and backcross plants were fumigated, returned to the 
greenhouse benches, and evaluated for oxidant injury symptoms 
48 hrs later. Plants were evaluated by visually estimating 
the per cent of leaf area necrosis for the two unifoliate 
and first trifoliate leaves. A mean value for the three 
leaves per plant was calculated. Population distributions 
for leaf injury classes 5-95% were determined as well as the 
mean and variance for each population. The Sewall Wright 
formula was used to estimate the number of genes controlling 
21 
injury response to ozone as follows: 
» =__ 
2 2 
8(s F2-sZF1) 
where N= number of genes, D= difference of the parental 
2 . 2 
means, and s - variance (122). The s F^ was calculated as 
the total variance of both reciprocal F^’s. Broadsense 
heritability was also calculated as follows: 
H2 = 
S2P - s2 E 
s2P 
x 100 
where H = % heritability of trait, s E=mean variance of 
parentals and F^ (total variance of both reciprocal F^’s) 
2 
and s P=variance of F^ (1). 
Results 
Field experiments 
Seasonal ozone concentrations were documented as weekly 
12 hr means (line graph) and episode distributions (histo¬ 
gram) for the summer 1982 (Fig. 1). There were 99 hrs at 
\ 
.06-.08 ppm, 20 hrs at .08-.10 ppm, 4 hrs at .10-. 12 ppm, and 
1 hr at .12-.14 ppm. Weekly 12 hr means (0700-1900 EST) 
ranged from .023 ppm-.053 ppm and the seasonal 12 hr mean was 
.037 ppm. Ambient ozone concentrations were higher in 1983 
(Fig. 2). There were 197 hrs at .06-.08 ppm, 96 hrs at .08- 
.10 ppm, 26 hrs at .10-.12 ppm, 28 hrs at .12-.14 ppm, 22 
22 
Fig. 1. Weekly 12 hr. mean (0700-1900 hr. EST) ozone 
concentrations (•■ -•) and hourly episode frequencies 
(histogram) recorded in summer 1982 in Amherst, MA. 
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Fig. 2. Weekly 12 hr. mean (0700-1900 hr. EST) ozone 
concentrations (•-•) and hourly episode frequencies 
(histogram) recorded in summer 1983 in Amherst, MA. 
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hrs. at .14-.16 ppm, and 3 hrs at .16-18 ppm. Weekly 12 hr 
means ranged from .044 ppm-.077 ppm and the seasonal 12 hr 
mean was .058 ppm. Hours at or above .06 ppm were con¬ 
sidered to be potentially phytotoxic and totaled 124 in 1982 
and 372 in 1983. 
Variability in foliar injury response to ambient ozone 
was found among soybean genotypes grown in 1982 and those 
evaluated again in 1983. Visible foliar symptoms consisting 
of flecking or stippling of adaxial leaf surfaces first 
appeared on the lower leaves (unifoliates followed by lower 
trifoliates). Injury was generally more severe in 1983 than 
in 1982. Unifoliate and early trifoliate leaves of sensitive 
genotypes were so severely injured in 1983 that necrosis 
spread over entire leaves and premature abcission occurred. 
Visible injury severity for those genotypes grown in 1982 and 
1983 reflected ozone levels recorded in Amherst for those 
years. Those genotypes that responded similarly in 1982 and 
1983 were classified in three groups. PI 153.284 and PI 
153.283 (P3) were sensitive to ambient ozone having 25-50% of 
leaves injured (Table 1). Five U . S./Canadian cultivars and 
six Pi’s were intermediate in sensitivity having less than 
25% leaves injured (Table 2). Most of the U.S./Canadian 
cultivars and Pi’s were tolerant to ozone (Table 3). Nine 
cultivars and ten Pi’s showed little or no visible injury 
symptoms either year despite the frequent acute episodes that 
occurred in 1983. 
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Table 1. Early maturing soybean genotypes sensitive to 
ambient ozone in 1982 and 1983 
Genotype Origin Mat urit y 
Class 
Ozone injury index 
c . 
1982 1983 
P.I. 153.284 Belgium 0 1. 36 1.64 
P . I . 153.283 Belgium I- 1.43 1.65 
Mean values of 50 plants in 1982 and 3 replicates of 25 
plants each in 1983 evaluated on two dates/year. 
Ozone injury index (0-4). 0=no visible foliar injury, 1= 
<25% leaves injured, 2=25=<50% leaves injured, 3=50-<75% 
leaves injured, 4=75-100% leaves injured. 
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Table 2. Early maturing soybean genotypes intermediate in 
sensitivity to ambient ozone in 1982 and 1983 
Genotype Origin Maturity 
class 
Ozone injury index 
1982 1983 
Har ly USA/Can I . 83 . 36 
Hardome USA/Can 0 .50 . 38 
Mandarin, 
Ot t awa 
USA/Can 0 .57 .64 
Soysot a USA/Can I .56 .97 
Traverse USA/Can 0 . 15 .54 
F.C . 30.683 Manitoba 0 .13 .48 
P . I . 63.271 Manchuria I . 12 ' .29 
P . I . 84.668 Korea I .21 .26 
P . I . 153.214 Belgium I- . 33 .61 
P . I . 189.875 France 00 .28 .31 
P . I . 232.902 Hungary 0 .24 .48 
a Mean values of 5 0 plant s in 1982 and 3 replicates o f ^ 
plants each in 1983 evaluated on two dates/year. 
Ozone injury index (0-4). 0=no visible foliar injury, 1= 
<25% leaves injured, 2=25-<50% leaves injured, 3=50-<75% 
leaves injured, 4=75-100% leaves injured. 
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Table 3. Early maturing soybean genotypes tolerant to ambient 
ozone in 1982 and 1983. 
Genotype Origin Maturity 
class 
Ozone injury index 
a 
1982 1983 
Hidatsa USA/Can 00 0 0 
Goldsoy USA/Can 0 0 0 
Manchuria USA/Can I 0 .07 
Ogeman USA/Can 00 0 . 16 
Ontario USA/Can I 0 . 14 
Norchie f USA/Can 0 0 .07 
Mo rs oy USA/Can 00 0 .25 
Sioux USA/Can 00 0 .14 
Wisconsin Black USA/Can I 0 .03 
P . I . 89.00 1 Manchuria 0 0 .01 
P .1 . 96.152 Korea I . 13 0 
P.I. 153.317 France 0 0 0 
P.I. 181.532 Jap an I . 06 0 
P.I. 189.907 France I- 0 0 
P.I. 189.939 France 0 0 .07 
P.I. 189.940 France 00 0 0 
P.I. 227.326 Jap an 0 0 .07 
P.I. 232.997 Ge rmany 00 0 .02 
P.I. 238.921 Czechoslov. 0 0 . 06 
a 
Mean values of 50 plants in 1982 and 3 replicates of 25 
plants each in 1983 evaluated on two dates/year. 
Ozone injury index (0-4). 0=no visible foliar injury. 1= 
<25% leaves injured, 2=25-<50% leaves injured, 3=50-<75% 
leaves injured, 4=75-100% leaves injured. 
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Greenhouse experiments 
Parental, F^, , and backcross populations responded 
variably to acute ozone exposure. Ozone-tolerant PI 153.317 
(Pi) and PI 189.907 (P2) plants reacted similarly to the 
acute ozone exposures (Table 4). Both ozone-tolerant 
parental populations fell in the 5-55% leaf injury classes 
< 
and had means of 16.9% (Pi) and 13.2% (P2) leaf injury. 
Ozone-sensitive PI 153.283 (P3) plants fell in 30-95% leaf 
injury classes having a population mean of 55.7%. Variabil¬ 
ity was high for the Pi and P3 parental lines having variances 
of 180.5 and 146.2 respectively. F^ populations were inter¬ 
mediate in response between the two parental types and recip¬ 
rocal differences were not observed (Table 4). F ^ popula¬ 
tions did not segregate into discrete injury response classes 
(Table 4). A wide range of response classes were observed 
for F^ populations having means intermediate between the 
parents and large variances. Backcross populations were 
small, however and were also intermediate between parentals 
(Table 4). Using the Sewall Wright formula: 
(55.7-16.9)2 
N= - = 2.95 
8(267.8-204.3) 
an estimate that 2.95 genes are involved with expression of 
ozone injury response in the PI x P3 analysis was obtained. 
Broadsense heritability was calculated for the Pi x P3 
analysis as well and found to be: 
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(267.8-176.9) 
H = x 100 = 33.9% 
267.8 
Pis cussion 
Variability in injury response to ambient ozone was 
found among the 133 early maturing soybean genotypes evalu¬ 
ated. Of the 41 genotypes evaluated for two years, 32 
responded consistently in both years so that classifications 
into sensitivity groups could be made. Only two of the 133 
genotypes screened were sensitive in the field. Most of the 
genotypes were ozone-tolerant and five genotypes did not show 
foliar symptoms at any time during the two seasons. Genotype 
origin did not appear to influence response to ozone. Sen¬ 
sitive genotypes PI 153.283 and PI 153.284 were from Belgium 
and the tolerant genotypes PI 153.317 and PI 189.907 were 
from France, both European countries in close proximity. 
Other tolerant genotypes originated in diverse areas of the 
world and included many of the U.S./Canadian cultivars tested. 
Either breeding programs selected against ozone sensitivity 
or the genes conferring sensitivity to the pollutant are 
rare in the early-maturing soybean gene pool. 
Ozone injury response is apparently a complexly inherited 
trait that is quantitative in nature. F ^ and backcross 
populations were intermediate in response to acute fumi- 
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gations compared to the parentals. F^ populations did not 
segregate into discrete response classes and had large 
variances. The genes for injury response appear to be 
additive as no dominance was detected. The use of the Sewall 
Wright formula and broadsense heritability calculations 
support these conclusions. Approximately three genes are 
involved with ozone injury response and heritability was 
estimated to be 34%. This low heritability and the polygenic 
nature of the trait indicate that the tolerant injury re¬ 
sponse analyzed here would be difficult to incorporate 
into soybean germplasm. 
The quantitative nature of the ozone injury response 
trait indicates that environmental influences on response to 
ozone should be large (1). The heritability estimate of 34% 
shows that 66% of the variability in the was indeed due 
to environment (1). Variability was high for parental plants 
as well as for the genetic populations and environmental 
influences probably contributed to this variability. Plants 
were grown in the greenhouse and subjected to fluctuating 
temperature, relative humidity, and light intensity prior to 
fumigations. Similarly, the environmental variables were 
not eliminated entirely from the acute screening procedure 
used in this study. The large variances observed were 
probably due to both environmental influences and the poly¬ 
genic nature of the trait (1). 
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Heagle et. al. reported difficulty in the establishment 
of a reliable protocol for screening soybean germplasm for 
ozone sensitivity (35,36). The authors found that genotype 
sensitivity rankings differed depending upon the response 
measured (35). Unifloiate leaf response, trifoliate leaf 
c 
response, and plant growth response to ozone were found to 
differ (35). A mean injury index for the unifoliate as well 
as first trifoliate leaves was calculated in this study to 
reduce some of this visible injury variability. Growth 
response was not evaluated as a sensitivity response in this 
part of the study (see chapter III). Environmental variabil¬ 
ity appears to be an inherent problem in ozone sensitivity 
work according to the many reports on environmental influ¬ 
ences (22,24,25,86,87). 
Other reports on the inheritance of ozone injury response 
have shown that a few genes also control this trait in other 
species. The only reported single gene resistance is with 
onion (26). Tolerance to ozone in potato (23), corn (14), 
bean (63), tall fesque (58), and tobacco (54) are quanti¬ 
tatively inherited. Results with other crops are similar to 
this study which is the only one involving soybeans. It is 
not surprising that injury response to ozone is not a simply 
inherited trait. There has been no evidence for a single 
site of injury in plants by ozone (41,42). Ozone disrupts 
photosynthesis, membrane structure and function, water 
35 
relations, and many other metabolic activities and pathways 
in plants (41,42). Membranes are considered by some to be 
the primary site of ozone action, however their structure is 
itself complex. Any changes in membrane sensitivity to ozone 
would probably be complex and quantitatively, inherited as 
well. 
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CHAPTER III 
COMBINED INFLUENCE OF OZONE AND FUSARIUM OXYSPORUM ON 
GROWTH, ROOT DISEASE, AND FOLIAR INJURY OF EARLY- 
MATURING SOYBEAN GENOTYPES 
Methods and Materials 
Ozone fumigation system 
Experiments were conducted at the Suburban Experiment 
Station at Waltham, MA in two identical bi-layer polyethylene 
greenhouses. Each greenhouse was equipped with a blower that 
circulated carbon filtered air throughout the greenhouse. 
Ozone was generated by spark discharge in one greenhouse 
using two Welsbach ozone generators. Ozone concentrations 
were monitored in the fumigated greenhouse using a Dasibi 
model 1003AH (UV Spectrophotometer) and a Mast (KI reduction) 
ozone monitor. The Mast meter was connected to a Simpson 
switchless relay that turned the ozone generators on and off 
to maintain the desired ozone concentration. The Dasibi 
monitor was connected to a chart recorded in order to docu¬ 
ment concentrations. This system allowed .02 ppm control 
over ozone concentrations. 
All experiments were conducted with fumigation periods of 
.06-.08 ppm for six hours per day (1000-1600 h), five days 
per week (Mon.-Fri.). Temperature and relative humidity 
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were recorded in both greenhouses using hygrothermographs to 
insure that conditions were as similar as possible in both 
greenhouses. Temperature and relative humidity ranged from 
18-44°C and 22-79% respectively. Additional lighting was 
supplied with 120 watt full spectrum light bulbs set to 12 
hour daylength. 
< 
Fusarium isolation and pathogenicity 
Field-grown soybean plants (cv. Evans) were sampled from 
the experimental farm at So. Deerfield MA from a site having 
a history of previous soybean culture. Isolations were made 
from necrotic or discolored root and hypocotyl tissue. Hypo- 
cotyl and root tissue pieces were surface disinfected in 5% 
aqueous chlorine bleach solution for various time intervals. 
Tissue pieces were blotted dry and aseptically placed on the 
surface of potato-carrot agar plates acidified to pH 4.5 
with lactic acid (PCAL) to inhibit bacterial growth (118). 
Plates were incubated at 24°C for 10-14 days and resulting 
Fusarium colonies were single-spored and identified according 
to standardized methods (117). 
Strains of Fusarium oxysp orum were assayed for patho¬ 
genicity and virulence on soybeans using a modified seedling 
assay (20). Seeds of cultivar Evans were surface disinfected 
in 10% aqueous chlorine bleach solution for 5 min. and were 
germinated on 2% water agar plates in the dark at 24°C for 2-3 
38 
days. Aseptic germlings were transferred to 1.5% Hoagland solution 
agar slants in 25x200 mm test tubes (118). Seeded tubes were incubated 
under flourescent lighting at room temperature until shoots were 5-7 
cm long. Three seedlings were inoculated with each strain by placing 
a 2-3 mm diam. plug of mycelium taken from colony peripheries adjacent 
to the hypocotyl. Inoculated seedlings and non-inoculated 
control plants were grown for 21 days as described and 
evaluated for root and hypocotyl rot using a disease index. 
The disease index below was used for all subsequent experi¬ 
ments involving evaluation of root and hypocotyl rot: 0 = 
healthy, no lesions on root or hypocotyl; 1 = lesions on 
<25% of root and hypocotyl surface; 2 = lesions on >25-<50% 
root and hypocotyl surface; 3 = lesions on >50-<75% root and 
hypocotyl surface; 4 = lesions on >75-<100% of root and 
hypocotyl surface; 5 = 100% necrotic or dead plant. A mean 
disease index for plants inoculated with each strain was 
calculated. The strain causing the most severe root and 
hypocotyl rot was chosen for use in the ozone—F. oxysporum 
experiments. The strain was stored m soil according to 
standard procedure (117). 
Oat inoculum was prepared using moistened, double-auto¬ 
claved whole oat kernels. F.. oxysporum was grown in potato- 
carrot broth acidified to pH 4.5 with lactic acid (118) for 
7 days at room temperature on a rotary shaker. 250 ml flasks 
containing 150 ml sterile oats were inoculated with 5 ml of 
the liquid culture and were incubated for 21-25 days at room 
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temperature. Inoculum was air dried and ground to a fine 
powder using a hand mill. Prepared inoculum was stored at 
4°C until use. The concentration of F_. oxysp orurn colony 
forming units (cfu’s) per gram air dried inoculum was deter- 
i 
mined via dilution series on potato-carrot agar plates. 
Ozone-Fusarium interaction 
Two early maturing soybean genotypes were used based upon 
results presented in Chapter II. PI 153.283 is an ozone- 
sensitive (S) genotype and PI 189.907 is an ozone—tolerant 
(T) genotype that were chosen for their visible injury reac¬ 
tion to ambient ozone. Both genotypes were assayed for their 
susceptibility to F_. oxysp orum using the seedling assay 
described above. Fifteen plants of each genotype were inocu¬ 
lated with the pathogen and evaluated for root/hypocotyl rot 
using the disease index. 
The effects of host genotype, ozone, and F_. oxysporum on 
growth and disease expression were evaluated using a 3x2 
factoria 1 — sp1it plot experimental design. The main factors 
were air, soil, and soybean genotype. Air treatments were 
carbon filtered air and carbon filtered air plus ozone. Soil 
treatments were steam pasteurized potting mix (1 soil: 1 peat: 
1 sand, lime to pH 6.5-7.0) amended and non-amended with F. 
oxysporum inoculum. Inoculum density was adjusted to 500 
cfu/g soil dry weight. Genotype sensitivity to ozone was the 
third factor. Seeds of PI 153.283 (S) and PI 189.907 (T) 
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were surface disinfected as described and dusted with a 
powdered peat preparation of Rhizobium j ap onicum (soybean 
inoculant, Nitragin Co., Clearwater, FL). Three seeds were 
planted in 12.7 cm pots containing F_. oxysporum ammended or 
i 
non-amended soil and pots were randomized within each green¬ 
house. Ozone fumigations were initiated immediately after 
planting and were continued until the experiment was termi¬ 
nated. Pots were thinned to one uniform plant per pot after 
emergence was complete. Two levels of the three factors 
gave a total of eight treatment combinations. 21 days after 
\ 
planting, five plants per treatment combination were sampled. 
Plants were sampled on 14 day intervals until the experiment 
was terminated after 63 days. Sample interval (time) was the 
split plot factor. 
Sampled plants were removed from pots and soil was care¬ 
fully washed from roots under tap water and roots were 
blotted dry. Oxidant injury to foliage was determined by 
counting the number of stippled leaves per plant. This 
number also included leaves abcissed due to premature senes¬ 
cence caused by ozone. Root and hypocotyl rot was evaluated 
using the disease index. Growth parameters measured were 
leaf area and leaf, shoot, and.root dry weight. Hypocotyls 
were severed at the soil line and the sub-soil hypocotyl and 
entire root system were included in root mass measurements. 
Leaf area was measured using a Li Cor model LI3000 portable 
leaf area meter. Component plant parts were oven dried at 
41 
100°C for 72 h prior to weighing. 
All data were analyzed via analysis of variance. Mean 
values for main effects are given and means for higher level 
interactions are included. Mean separation procedures were 
applied as indicated by a significant interaction. Inter¬ 
actions of air x soil and air x genotype were of particular 
interest as objectives centered upon the influence of these 
factors on growth and disease expression. Mean values for 2 
way interactions were compared for significant differences 
using nested f-tests (R.A. Damon, personal communication). 
Growth parameters were subjected to growth analysis tech¬ 
niques (55). Total dry weight, leaf dry weight, and leaf 
area values were transformed to natural logarithms and sub¬ 
jected to polynomial regression (48). Significant constant, 
linear, and quadratic regression coefficients were obtained 
and used to generate growth functions (48). Regression 
coefficients were analyzed via a Fortran program written to 
calculate growth functions (48). Relative growth rate, unit 
leaf rate (net assimilation rate), and leaf area ratio func¬ 
tions were calculated to elucidate treatment effects on 
growth. 
The experiment was repeated twice. The first experiment 
was carried out from Nov. 5, 1983 to Jan. 9, 1984 and in¬ 
cluded four sample intervals. The second replication was 
carried out from Feb. 1, 1984 to Mar. 27, 1984 and included 
only three sample intervals. The experiment had to be 
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terminated because excessive temperatures in the greenhouses 
caused adverse growth and fumigation conditions. Ventilation 
was not possible as ozone concentrations had to be maintained. 
An additional parameter measured in the second experiment was 
number of pods per plant. All main effects and analysis of 
variance for number of pods per plant are given for the 
second experiment and differences between the experiments 
are discussed. 
Effect of ozone on fungal root colonization 
Soil was collected from the experimental farm in So. 
Deerfie Id MA that had a three year history of soybean culture. 
The soil was a sandy loam pH 6.5 and was placed unamended in 
12.7 cm pots. Seeds of PI 153.283 (S) and PI 189.907 (T) 
were treated as previously described, planted three to a pot, 
and pots were randomized within carbon filtered and carbon 
filtered plus ozone greenhouses. Fifteen pots of each geno¬ 
type were placed under both air regimes and were thinned to 
one per pot after emergence. Fumigations were initiated 
immediately after planting and continued throughout the 
experiment. Five plants per treatment were sampled 21, 35, 
and 49 days after planting. 
Sampled plants were evaluated for root and hypocotyl rot 
and isolations were made to determine extent of fungal 
colonization. Root systems were washed free of soil under 
running tap water. Root systems were divided into hypocotyls. 
4 3 
primary roots, and secondary roots. Roots and hypocotyl 
segments were cut into 1 cm sections and were surface dis¬ 
infected in aqueous 5% chlorine bleach solution for various 
time intervals depending upon tissue thickness. Segments 
were aseptically placed on the surface of PCAL plates and 
were incubated as previously described. Resulting fungal 
colonies were identified on the isolation plates whenever 
possible or were transferred via hyphal tips to PCA plates 
for further observation. The number of plant pathogenic 
fungal colonies per cm of root and hypocotyl sections were 
tabulated. 
Results 
Fusarium isolation and pathogenicity 
Fusarium oxysporurn was the predominant root pathogen 
isolated from Evans soybeans. Other plant pathogens included 
Pythium and Rhizoctonia spp. Single spore strains of F. 
oxysporum differed in their pathogenicity and virulence on 
Evans soybeans using the seedling assay. Strains ranged from 
non-pathogenic to virulent causing severe hypocotyl and root 
rot and occasionally, seedling death. The severity of hypo¬ 
cotyl and root rot caused, by the selected virulent strain of 
F. oxysporum was the same for PI 153.283 (S) and 189.907 (T). 
Mean root/hypocotyl disease indices were not significantly 
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different for the two genotypes inoculated with F. oxysporum 
(Table 5). 
Ozone-Fusarium interaction 
F_. oxy spo rum and genotype significantly influenced 
visible foliar injury response to ozone (Table 6). Plants 
grown in soil inoculated with F. oxysp orum had 13% more 
stippled leaves than those grown in non-inoculated soil. 
This effect was significant only for genotype PI 189.907 (T) 
as the fungus had no effect on visible injury response of 
PI 153.283 (S) plants (Table 7). The genotypes selected for 
their sensitive and tolerant responses to ambient ozone also 
differed under greenhouse conditions. PI 189.907 (T) had 
50% fewer leaves injured than PI 153.283 (S) (Table 6). 
Visible foliar injury to the sensitive genotype occurred 14 
days earlier and was significantly greater on all sample 
dates than with the tolerant genotype (Table 8). 
Ozone had no effect on root and hypocotyl disease 
severity caused by F. oxysporum (Table 9). Plants exposed to 
ozone had the same root/hypocotyl disease index as those 
grown in carbon filtered air (Table 9). In contrast to 
results with the seedling assay (Table 9), the two genotypes 
differed in sucep t ibility to F_. oxy sporum in this experiment 
using soil. This difference was not influenced by ozone as 
the air x genotype interaction was not significant. Means 
for each treatment combination are shown for the four sampling 
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Table 5. Root and hypocotyl rot severity in soybean PI 
189.907 (ozone-tolerant) and PI 153.283 (ozone-sensitive) 
plants inoculated 
assay. 
with Fusarium oxysporum using a seedling 
Genotype Root/hypocotyl disease index 
PI 189.907 3.33a 
PI 153.283 3.00 a 
Mean values of 15 plants. Root and hypocotyl diseas index 
0-5 . 
Values followed by the same letter do not differ signifi¬ 
cantly at p=0.05 using a F-test. 
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Table 6. Influence of Fusarium oxysporum and genotype on 
number of leaves visibly injured by ozone on soybean plants 
grown in a greenhouse fumigated with .06-.08 ppm ozone (6h/d, 
5d/w) for 8 weeks 
Source Sum of squares df Mean square F. Prob . 
S 4.5125 1 4.5125 9 . 38 . 0074 
G 132.6125 1 132.6125 275.56 .0000 
SG 2.8125 1 2.8125 5.84 . 0279 
Error (whole 7.7000 
plot) 
16 .4812 
T 5 15 . 3375 3 171.7792 272.13 . 0000 
TS 11.8375 3 3.9458 6.25 .0011 
TG 18.5375 3 6.1792 9 .79 .0000 
T SG 2.7375 3 .9125 1.45 .2412 
Error (split 30.3000 
plot) 
48 .6312 
Main effects No. symptomatic3 
leave s/plant 
Soil : Steamed + F. 
k 
oxysporum (500cfu/g) 4.15 
Steamed 3.67 
Geno type: PI 153.283 
* 
(ozone-sensitive) 5.20 
PI 189.907 (ozone-tolerant) 2.62 
mean values of 40 plants. 
k 
values differ significantly at p=0.05. 
S=soil, G=genotype, T=time. 
Table 7. Influence of Fus arium oxysp orum and genotype 
interaction on number of leaves visibly injured by ozone 
on soybean plants grown in a greenhouse fumigated with 
.06-.08 ppm ozone (6h/d, 5d/w) for 8 weeks. 
Source Sum of squares 
i 
df Mean square F. 
S : G 1 . 1000 1 .1000 •21* 
S:G2 7.2250 1 7.2250 15.01 
Error 7 . 7000 16 .4812 
Mean no. symptomatic leaves/plant 
PI 153.283(G1) PI 189.907(G2) 
Soil : Genotype : (ozone-sensitive) (ozone-tolerant) 
S t e ame d + F. oxysporum 5.25 
kk 
3.05 
(500cfu/g) 
S t e ame d 5 . 15 2.20 
mean values of 20 plants. 
k 
F value significant at p=0.05 
k k 
values in a column differ significantly at p=0.05 
S=soil, G=genotype. 
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Table 8. Influence of genotype and time on number of leaves 
visibly injured by ozone on soybean plants grown in a 
greenhouse fumigated with .06-.08 ppm ozone (6h/d, 5d/w) 
for 8 weeks. 
Source Sum of Squares df Mean square F 
G: T 1 14.4500 1 14.4500 2 2 . 8 9 ^ 
G : T2 16.2000 1 16.2000 25.66. 
G: T3 36.4500 1 36.4500 5 7.74 * 
G : T4 84.0500 1 84.0500 133.15 
Error 30.3000 48 .6312 
• 
No. symptomatic leaves/ a 
plant 
Genotype: Time: (d after planting) 
2 1 (Tl) 35(T2) 49 (T3) 6 3(T4) 
PI 15 3.2 83 ( ozone-sensitive) 
k k 
1 . 7 
* * 
3.6 
k k k k 
5.7 9.8 
PI 189 . 90 7 ( ozone-tolerant) 0 1.8 3.0 5.7 
mean values of 10 plants. 
k 
F significant at p=0.05. 
k k 
values in a column differ significantly at p=0.05. 
G=genotype, S=soil, T=time. 
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Table 9. Influence of ozone, Fusarium oxysporum, and geno¬ 
type on root/hypocotyl rot severity of soybean plants grown 
in greenhouses for 8 weeks. 
Source Sum of squares df Mean square F Prob . 
A . 1562 1 . 1562 . 37 .547 1 
S 77.0062 1 77.0062 182.53 . 0000 
G 3.3062 1 3.3062 7.84 .0086 
AS 2.7562 1 2.7562 6.53 .0155 
AG . 0062 1 . 0062 .01 . 9039 
SG . 3062 1 . 3062 . 73 .4005 
ASG . 0562 1 .0562 .13 .7174 
Error(whole plot) 13.5000 32 .4219 
T 20.3187 3 6.7729 20.51 .0000 
TA .5 187 3 . 1729 .52 .6670 
TS 1.8687 3 . 6229 1.89 .1370 
TG 2.7687 3 . 9229 2.79 .0444 
TAS .5 187 3 . 1729 .52 .6670 
TAG 2.2687 3 . 7562 2.29 .0832 
TSG . 5687 3 . 1896 .57 .6334 
TA SG .2187 3 .0729 .22 .8817 
Error (split plot) 3 1.7000 96 . 3302 
Main effects Root/hypocotyl disease3 
index 
Air : Carbon filtered(CF) 1.50 
CF+ ozone (.06.-08 ppm) 1.56 
Soil: S t e ame d 
* 
. 84 
Steamed + F. oxysporum ( 5 0 0 c f u / g) 2 . 2 2 
Genotype: PI 1 89 . 907 (ozone -tolerant) 
* 
1.39 
PI 153.283(oz one -sensitive) 1.67 
* 
values differ significantly at p= 0.05 using an F-test. 
mean values of 80 plants, root/hypocoty1 disease index 
0-5 . 
A air , S soil, G = genotype, T = time. 
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dates (Table 10). Differences between means were due to increasing 
disease severity with time and to significant Fusarium and genotype 
effects. 
Shoot growth was influenced by ozone, F_. oxysporum, and genotype. 
Shoot dry weights were significantly reduced 11% and 9% by ozone and F_. 
oxysporum respectively (Table 11). No interaction was evident for ozone 
and F. oxysporum as shoot weight reductions caused by the pollutant were 
additive (Table 11). PI 189.907 (T) plants had 33% greater shoot growth 
than PI 153.283 (S) and ozone contributed to this difference. A signifi¬ 
cant air x genotype interaction on shoot growth occurred as ozone caused 
a significant reduction in shoot growth (20%) in the ozone-sensitive 
genotype but had no significant effect on the ozone-tolerant genotype 
(Table 12). Means for each treatment combination are given for the four 
sampling dates (Table 13). Differences between means were due to in¬ 
creasing dry matter accumulation with time and to the three significant 
main factors and air x genotype influence. 
Root growth was influenced by ozone and genotype while 
F_. oxy sp orum had no effect (Table 14). Ozone caused a 
significant 31% reduction in root dry weight for both geno¬ 
types. The two genotypes also had significantly different 
root dry weights, however, ozone sensitivity did not con¬ 
tribute to this difference. Root growth was reduced equally 
in both genotypes as no significant air x genotype interaction 
was evident. Means for each treatment combination are given 
for the four sampling dates (Table 15). Differences between 
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Table 11. Influence of ozone, Fusarium oxysp o rum, and geno¬ 
type on shoot dry weight of soybean plants grown in green¬ 
houses for 8 weeks. 
Source Sum of squares df Mean square F Prob . 
A 1.2267 1 1.2267 19.59 .0001 
S . 7798 1 . 7 798 12.45 .0013 
G 14.6228 1 14.6228 233.47 . 0000 
AS .0898 1 .0898 1.43 .2400 
AG . 3487 1 . 3487 5.57 .0246 
SG . 0305 1 .0305 .49 .4901 
ASG .2183 1 .2183 3.49 .0711 
Error(whole plot) 2.0004 32 .0626 
T 206.0200 3 68.6733 831.83 .0000 
TA 3.4380 3 1 . 1460 13.88 .0000 
TS . 9258 3 . 3056 3.74 .0137 
TG 9.1790 3 3.0597 37.06 .0000 
TAS .4730 3 . 1577 1.91 . 1332 
TAG . 2637 3 . 0879 1.06 . 3679 
T SG . 5 730 3 . 1910 2.31 .0808 
TASG . 2978 3 .0993 1.20 .3132 
Error(split Pi ot) 7.9255 96 . 0825 
Main effects Shoot dry weight (g) 
Air : CF+ozone (.06-.08ppm ,6h/d, 5d/w) 
k 
1.42 
CF 1.60 
Soil : Steamed+F. oxysporum (500 cfu/g) 
* 
1.44 
Steamed 1.58 
Genotype : PI 153.283 (ozone -sensitive) 
* 
1.21 
PI 189.907 (oz one -tolerant) 1.81 
mean values of 80 plants. 
k 
values differ significantly at p=0.05. 
T=time, S=soil, G=genotype, CF=carbon filtered. 
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Table 12. Influence of ozone and genotype interaction on 
shoot dry weight 
8 weeks. 
of soybean plants grown in greenhouses for 
Source Sum of squares df Mean square F 
A: G 1 1.4418 1 1 . 4418 ' 23.02* 
A : G2 . 1370 1 • 1370 2.19 
Er ro r 2.0042 32 • 0626 
Shoot 
£ 
dry weight(g) 
PI 153.283(Gl) PI 189.907 (G2) 
Air: Genotype: (ozone-sensitive) (ozone-tolerant) 
* * 
Carbon Filtered (CF) 1 . 34 1.85 
CF+o zone(.06-.08 ppm) 1.07 1 .77 
£ 
F significant at p=0.05 
f \ 
mean values of 40 plants. 
* * 
values in a column differ significantly at p=0.05. 
A=air, G=genotype. 
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Table 14. Influence of ozone, Fusarium oxysporum, and geno¬ 
type on root dry weight of soybean plants grown in green¬ 
houses for 8 weeks. 
Source Sum of squares df Mean square F 
i 
Prob . 
A .5 108 1 .5108 24 .30 .0000 
S .0065 1 .0065 .31 .5819 
G . 495 1 1 .495 1 23 .55 .0000 
AS .0783 1 .0783 3 . 73 . 0625 
AG . 002 1 1 . 002 1 . 10 . 7538 
SG .0002 1 .0002 .01 .9138 
ASG .0250 1 .0250 1 . 19 .2836 
Error (whole . 6726 32 .0210 
plot) 
T 6.6598 3 2.2199 124 .88 .0000 
TA 1.0382 3 . 3450 19 .47 .0000 
TS .1158 3 .0386 2 .17 .0963 
TG . 2990 3 .0997 5 .61 .0014 
TAS .0464 3 .0155 .87 .4593 
TAG .0297 3 .0099 .56 . 6445 
TSG .0887 3 .0296 1 . 6 6 . 1799 
TASG .0619 3 .0206 1 . 16 . 329 1 
Error 1 . 7066 96 .0178 
(split plot) 
Main effects Root dry weight(g) 
Air : CF+ozone( . 06- . 08pp m, 6h/d,5d/w) 
* 
.24 
CF . 35 
Soil: Steamed+F. oxysporum (500cfu /g) .29 
S t e ame d . 30 
Genotype : PI 153.283 (o zone- s ensitive) 
* 
.24 
PI 189.907 (ozone- tolerant) . 35 
mean values of 80 plants. 
* 
values differ significantly at p=0.05. 
A=air, S=soil, G=genotype, T=time, CF=carbon filtered. 
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means were due to significant genotype and ozone effects and 
to dry matter accumulation with time. 
Leaf area was significantly different for the two geno- 
i 
types and ozone contributed to this effect (Table 16). PI 
153.283 (S) had 28% less leaf area than PI 189.907 (T) and 
ozone differentially affected the two genotypes as indicated 
by the significant air x genotype interaction (Table 16). 
Ozone significantly reduced leaf area of the ozone-sensitive 
genotype 10% but had no significant effect on the ozone- 
tolerant genotype (Table 17). Fus arium had no effect on leaf 
area and did not interact with ozone (Table 16). Means for 
each treatment combination are given for the four sampling 
dates (Table 18). Differences between means were due to 
genotype and the interaction of ozone with genotype sensi¬ 
tivity. Leaf area also increased with time until the last 
sampling date when lower leaf area resulted from ozone 
exposure in plants of both genotypes grown in steamed soil. 
Leaf dry weight was significantly influenced by ozone and 
genotype (Table 19). Ozone caused a 20% reduction in leaf 
dry weight of both genotypes. PI 189.907 (T) plnats had 42% 
more leaf dry weight than PI 15 3.283 (S)- plants. F_. oxy- 
sp orum alone had no effect on leaf dry weight (Table 19). 
Means for each treatment combination are presented for the 
four sampling dates (Table 20). Leaf dry weight increased 
with time for all treatments except PI 153.283 (S) plants 
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Table 16. Influence of ozone, Fusarium oxysporum, and 
genotype on leaf area of soybean plants grown in greenhouses 
for 8 weeks. 
Source Sum of squares df Mean square F Prob . 
A 2440.5000 1 2440.5000 1.83 . 1854 
S 3800.8000 1 3800.8000 2.85 . 1009 
G 280740.0000 1 280740.0000 210.74 .0000 
AS 22.7030 1 22.7030 .02 . 8970 
AG 8347.0000 1 8347.0000 6.27 .0176 
SG 922.8000 1 922.8000 .69 .4114 
ASG 3263.0000 1 3263.0000 2.45 .1274 
Error 42629.0000 32 1 332.1000 
(whole plot) 
T 2587400.0000 3 862460.0000 486.16 .0000 
TA 7129.4000 3 2376.5000 1.34 . 266 1 
TS 53090.0000 3 17697.0000 9.98 .0000 
TG 61238.0000 3 20413.0000 11.5 1 .0000 
TAS 5046.4000 3 1682 . 1000 .95 . 4206 
TAG 5280.8000 3 1760.3000 .99 . 3999 
TSG 9355.8000 3 31 18.6000 1 . 76 . 1604 
TASG 9443.4000 - 3 3147.8000 1.77 . 1572 
Error 170310.0000 96 1774.0000 
( sp li t plot) 
Main effects Leaf area 
, 2. a 
(cm ) 
Air : CF+o z one(.06 - .0 8ppm, 6h/d, 5d/w) 248.43 
CF 256.24 
Soil : Steamed+F. oxysporum(500cfu/g) 247.46 
Stearned 257.21 
Genotype : PI 153.283(ozone-sensitive) 210.44* 
PI 189.907 (ozone - tolerant) 294.22 
mean values of 80 plants. 
■k 
values differ significantly at p=0.05. 
A-air, S=soil, G=genotype, T=time, CF=carbon filtered 
59 
Table 17. Influence of ozone and genotype interaction on 
leaf area of soybean plants grown in greenhouses for 8 weeks. 
Source Sum of squares df Mean square F 
A: G 1 9907.2092 1 9907.2092 
* 
' 7.44 
A: G2 880.3790 1 880.3790 . 6 6 
Error 42629.0000 32 1332 . 1000 
Leaf area (cm^)a 
Air : 
Genotype: PI 153.283(G1) 
(ozone-sensitive) 
PI 189.907(G2) 
(ozone-tolerant) 
Carbon filtered (CF) 221.57 
CF+ozone(.06-.08 ppm, 199.32 
6h/d, 5d/w) 
290.90 
297.54 
mean values of 40 plants. 
k 
F significant at p=0.05. 
k k 
values in a column differ significantly at p=0.05 
A-air, S=soil, G=genotype, T=time, CF=carbon filtered. 
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Table 19. Influence of ozone, Fusarium o xysp orui, and 
genotype on leaf dry weight of soybean plants grown 
in greenhouse for 8 weeks. 
Source Sum of squares df Mean square F' Prob . 
A 1.05 14 1 1.0514 51.20 . 0000 
S . 0008 1 . 0008 .04 . 8396 
G 6.8351 1 6.8351 332.83 . 0000 
AS .0735 1 . 0735 3.58 .0675 
AG . 0597 1 . 0597 2.91 .0980 
SG .0117 1 .0117 .57 .4553 
ASG . 1884 1 . 1884 9.17 . 0048 
Error .6572 32 . 0205 
(whole plot) 
T 42.8115 3 14.2705 598.48 . 0000 
TA 1.9285 3 .6428 26.96 .0000 
TS 1.1150 3 .3717 15.59 . 0000 
TG 4.1658 3 1.3886 52.24 .0000 
TAS . 0522 3 .0174 . 73 .5366 
TAG .0879 3 . 0293 1.23 . 3035 
T SG .4753 3 . 1584 6.64 . 0004 
TASG . 1072 3 .0357 1.50 .2198 
Error 2.2891 96 . 0238 
(split plot) 
Main effects Leaf dry • x. a welgh t 
Air : CF+ ozone(. 06 -.08ppm, 6h/d, 5 d / w) 
* 
.68 
CF .85 
Soil : Steamed! F. oxysporum (500cfu/g) . 76 
Steamed .77 
Genotyp e : PI 153.287 (o z one- sensitive) 
* 
.56 
PI 189.907 (o zone- •tolerant ) .97 
a 
mean values of 80 plants. 
* 
values differ significantly at p=0.05. 
A=air, S=soil, G=genotype, T=time, CF=carbon filtered. 
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exposed to ozone and grown in steamed soil. Differences 
between means were due to ozone and genotype effects as well 
as a significant interaction between all three main factors 
(Table 19). 
Growth analysis results indicated that ozone, _F. oxy- 
sporum, and genotype all influenced relative growth rates and 
its components. Ozone impact on relative growth rate dif¬ 
fered for the two genotypes and soil treatments. Ozone 
alone had little effect on relative growth of PI 189.907 (T) 
as rates were similar for all sampling periods (Fig. 3). F_. 
oxysporum infected plants of both genotypes had lower initial 
relative growth rates, however, growth rate decline was less 
rapid than for non-infected plants (Figs. 3,4). Ozone and _F. 
oxysporum had an additive effect on both genotypes as relative 
growth was lowest for plants exposed to both pathogens (Figs. 
3,4) . 
Ozone, F_. oxysporum, and genotype influenced unit leaf 
rate (carbon assimilation or photosynthetic rate) but not leaf 
area ratio (plant leafiness). Ozone alone had little impact 
on unit leaf rate of PI 189.907 (T) (Fig. 5). Ozone reduced 
unit leaf rate of PI 153.283 (S) plants over all four dates 
(Fig. 6). F_. oxysporum alone increased unit leaf rates of 
both genotypes as values were high, particularly on the last 
two dates (Figs. 5,6). F_. oxysporum and ozone additively 
reduced unit leaf rate for both genotypes as lowest values 
64 
Fig. 3. Relative growth rates of soybean PI 189.907 
(ozone-tolerant) plants grown in carbon filtered (CF) or 
CF+ ozone (O3) greenhouses. The variation (Rz) accounted 
for in the lines fitted to leaf area and total dry weight 
from which these values were derived ranged from 95% to 
98%. 
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Fig. 4. Relative growth rates of soybean PI 153.283 (ozone- 
sensitive) plants grown in carbon filtered (CF) or CF+ 
ozone (O3) greenhouses. The variation (R2)accounted for in 
the lines fitted to leaf area and total dry weight from 
which these values were derived ranged from 88% to 97%. 
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Fig. 5. Unit leaf rates of soybean PI 189.907 (ozone- 
tolerant) plants grown in carbon filtered (CF) or CF+ ozone 
(0^) greenhouses. The variation (R^) accounted for in the 
lines fitted to leaf area and total dry weight from which 
these values were derived ranged from 95% to 98%. 
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Fig. 6. Unit leaf rates of soybean PI 153.283 (ozone- 
sensitive) plants grown in carbon filtered (CF) or CF+ 
ozone (O3) greenhouses. The variation (R^) accounted for 
in the lines fitted to leaf area and total dry weight from 
which these values were derived ranged from 88% to 97%. 
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were for plants exposed to both pathogens (Figs. 5,6). Leaf 
area ratios were not greatly influenced by F_. oxysp orum or 
ozone, alone or in combination, for either genotype (Figs. 
7,8). 
Results for the second replication are summarized as main 
effects (Table 21). Ozone significantly reduced shoot, root, 
and leaf dry weight. Visible ozone damage was again more 
4 
severe for plants infected with F_. oxysp orum while ozone had 
no effect on root and hypocotyl development. F. oxysporum 
effects were also similar to the first experiment as the 
pathogen reduced only shoot weight. Genotype effects were 
also similar to the first experiment for all parameters 
except root disease index. Both genotypes had the same root 
and hypocotyl rot severity for the second replication. 
Three differences were found between the first and second 
replications. First, ozone was a significant main effect on 
leaf area as the pollutant caused a 23% reduction for both 
cultivars combined. Secondly, there was no significant air 
x genotype interaction on leaf area. Ozone lowered leaf area 
of PI 153.283 (S) 39% and PI 189.907 (T) 28%, both signifi¬ 
cant reductions. Thirdly, air x genotype interaction on 
shoot dry weight was not significant. Ozone lowered shoot 
weight of PI 153.283 (S) and PI 189.907 (T) 33% as both were 
significant reductions. 
Pod number per plant was significantly influenced by 
73 
Fig. 7. Leaf area ratios of soybean PI 189.907 (ozone- 
tolerant) plants grown in carbon filtered (CF) or CF+ 
ozone (O3) greenhouses. The variation accounted for in 
the lines fitted to leaf area and total dry weight from 
which tese values were derived ranged from 95% to 98%. 
FUSARIUM(cfu/g) 
.04 
O) 
CM 
H- 
< 
OC 
LLl »02- 
tr 
< 
= 0 
- 500 
+ 
35 49 
DAYS AFTER PLANTING 
21 63 
75 
Fig. 8. Leaf area ratios of soybean PI 153.283 (ozone- 
sensitive) plants grown in carbon filtered (CF) or CF+ 
ozone (O3) greenhouses. The variation accounted for in 
the lines fitted to leaf area and total dry weight from 
which these values were derived ranged from 88% to 97%. 
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ozone and F. oxys po rum (Table 22) . Ozone and F_. o xy sp orum 
reduced pod number 40% and 16% respectively. Pod number was 
the same for both genotypes. A significant 4-way interaction 
occurred between time (sample interval) and the three main 
factors (Table 22). Mean values for the treatment combina¬ 
tions are presented and separated (Table 23). Pod number per 
plant was low in these plants compared to field-grown plants 
(Chapter IV). 
Temperature and relative humidity were measured continu¬ 
ously during both experiments and 24 hour means and ranges 
were calculated for the greenhouse fumigated with ozone 
(Table 24). 24 hour mean temperature and relative humidity 
were 2.4°C and 12.4% higher respectively for the second 
experiment. Maximum temperature was 10°C higher during the 
/ 
second experiment, while ranges for relative humidities 
were similar for both experiments. 
Ozone-soilborne pathogen interaction 
Ozone influenced root system colonization when coloniza¬ 
tion was expressed as total number pathogens infecting or 
as number of each species infecting roots. Primary roots of 
ozone exposed PI 153.283 (S) plants had 43% more total patho¬ 
gen colonization than plants grown in carbon filtered air 
(Table 25). There was little difference between total patho¬ 
gens colonizing hypocotyls or secondary roots of either geno- 
79 
Table 22. Influence of ozone, Fusarlum oxysporum, and 
genotype on number of pods per plant on greenhouse-grown 
soybean plants. 
Source Sum of squares df Mean square F Prob . 
A 85.0080 1 85.0080 40.32 .0000 
S 9.0750 1 9.0750 4.30 .046 1 
G 7.0083 1 7.0083 3.32 .0776 
AS 1.8750 1 1.8750 .89 . 3527 
AG .0083 1 .0083 .00 . 9502 
SG 8.0083 1 8.0083 3.80 . 0601 
ASG 5 .2083 1 5 .2083 2.47 .1258 
Error 67.4670 32 2 . 1083 
(who 1e ! plot) 
T 712.9500 2 356.4800 220.78 .0000 
TA 67.8170 2 33.9080 21.00 .0000 
TS 16.5500 2 8.2750 5 . 13 .0086 
TG 5.6167 2 2.8083 1 . 74 .1838 
TAS 14.5500 2 7.2750 4.51 .0148 
TAG 2.8167 2 1.4083 .87 .4229 
T SG 6.8167 2 3.4083 2.11 . 1295 
TASG 16.2170 2 8 . 1083 5 .02 .0094 
Error 103.3300 64 1.6146 
(split plot) 
Main effects No . pods/planta 
Air : 
Carbon filtered+ozone(.06 - . 08pp m , 6h/d,5d/w) 
* 
2 .48 
Carbon filtered 4.17 
Soil : 
Steamed+F. oxysporum(500cfu/g) 
Stearned 
* 
3.05 
3.60 
Geno typ e : 
PI 153. 283 (ozone-sensitive) 3.08 
PI 189. 907 (ozone-tolerant) 3.57 
mean values of 60 plants. 
* 
values within a main effect differ significantly at p=0.05 
A=air, S=soil, G-genotype, T=time. 
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Table 24. Mean (24 h) and range temperature and relative 
humidity values recorded in ozone fumigation greenhouses 
during experiment 1 (Nov. 5, 1983-Jan. 9, 1984) and 
experiment 2 (Feb. 1, 1984- ■March 2 7 , 1984) . 
Expe riment Temperature (°C) Relative humidity (%) 
24 h mean range 24 h mean range 
1 21.3 18-34 39.3 22-79 
2 23.7 21-44 5 1.7 30-75 
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type, or when total pathogens was expressed as a mean of all 
three root system parts. Ozone had more influence on root 
colonization when results were presented for the different 
pathogen species isolated (Table 25 ). 160% more F. o xy sp o rum 
colonies were isolated from hypocotyls of PI 189.907 (T) 
plants fumigated with ozone than from non-fumigated plants. 
More F_. oxysporum was also isolated from primary roots of 
ozone fumigated PI 158.283 (S) (150%) and PI 189.907 (T)(109%) 
plants than from non fumigated plants. Few plant pathogens 
were isolated from secondary roots but results were similar 
as more F. oxy sp o rurn was again isolated from ozone treated 
plants. Other plant pathogenic fungi isolated included 
Pythium, Rhizoctonia, and Phytophthora spp. . Isolation 
frequencies of these pathogens were reduced for all root 
system parts of both genotypes by ozone. Mean frequencies 
across all three root system parts also show these differ¬ 
ences. Ozone caused an increase in F_. oxysporurn infection 
while decreasing infections by other species on both geno¬ 
types. Root and hypocotyl disease indices were the same for 
all plants at each sample date and are therefore not 
presented. 
Discussion 
These experiments have shown that F_. oxysp orum infected 
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plants were more sensitive to ozone effects. Conversely, 
ozone had no effect on and hypocotyl disease development. 
The increase in plant sensitivity to ozone by F_. oxysporurn 
was observed for both genotypes. Increase in ozone sensi¬ 
tivity was manifested in terms of greater visible oxidant 
injury and in growth reductions that were evident through 
growth analysis. Increase in visible foliar sensitivity to 
ozone occurred mainly for the ozone tolerant genotype while 
growth reductions in relative growth rate and unit leaf rate 
were observed for both genotypes. Laurence (69) recently 
reviewed the literature regarding air pollution effects on 
host parasite interactions. Of the 36 reports included that 
involved interaction of pollutants with non-viral pathogens, 
only 8 even considered reciprocal effects of pathogen infec¬ 
tions on plant sensitivity (69). Most of the 8 reports on 
reciprocal effects dealt with foliar pathogens and the dis¬ 
eases studied either inhibited visible ozone injury or had no 
effect. The only other report implicating a soilborne patho¬ 
gen as a predisposing factor to an increase in sensitivity 
to ozone involves tobacco and root knot nematode. Tobacco 
plants grown in the field were more sensitive to ozone when 
infected with Meloido gyne hap la than non-infected plants (8). 
Interactions of this type are of importance because many 
studies on ozone effects on plants in controlled environments 
utilize sterile or pasteurized growth media which may under- 
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estimate pollutant effects. In addition, plants infected by 
soilborne pathogens in the field may become more sensitive 
to the adverse effects of air pollutants. 
Based on other reports in the literature, it is not sur¬ 
prising that ozone had little influence on root and hypocotyl 
disease development caused by F_. o xy sp o r urn. Ozone damaged 
plants may exhibit a range of responses to soilborne patho¬ 
gens. Reports indicate that ozone may enhance, retard, or 
have no effect upon disease development. The only report 
implicating ozone as a predisposing factor to root disease is 
the Fomes annosus and ponderosa pine study in California (56, 
57). Disease severity and root and stump colonization of 
ozone damaged plants was increased, however effects were 
subtle as infections were high in plants not injured by ozone. 
Ozone did enhance colonization of roots by F. oxysporum 
when plants were grown in natural field soil previously 
cropped to soybeans. This effect was evident mainly on 
hypocotyls and primary roots as pathogen infections in 
secondary roots were low. Isolation frequencies differed for 
the two genotypes however genotype sensitivity to ozone did 
not affect these changes and the differences were apparent 
characteristics of the genotypes. These results are similar 
to those of Manning et. al. who found greater fungal coloni¬ 
zation of roots of ozone exposed pinto bean plants (80) and 
isolated more Pythium and Fusarium from ozone treated tomato 
plants (78) compared to plants grown in carbon filtered air. 
No differences in root and hypocotyl rot severity were found 
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between ozone exposed and non-exposed plants in this study. 
This was probably due to the similarity in the frequency of 
total plant pathogens isolated from plants grown in both air 
re gime s. 
The specificity of F_. oxy sp o r um for hypocotyl and primary 
root tissues may explain why ozone injury was not depressed 
for infected plants. It is generally assumed that plants 
must be growing under optimal conditions for ozone injury to 
occur (41,42). Plants growing under poor conditions, par¬ 
ticularly moisture stress, have closed stomata and are 
resistant to pollutant injury (42,112). If F_. oxyp sor um 
attacked secondary roots severely, ie, caused root rot, one 
would expect an alteration in water uptake, water stress 
symptoms, and a decrease in ozone sensitivity. The F. oxy- 
sporum strain used in the interaction studies, and other 
strains isolated and evaluated in the seedling assay caused 
primarily a cortical rot of the hypocotyl and primary root. 
Little secondary or feeder root rot was observed, especially 
for plants grown in soil. The reason for increased suscepti¬ 
bility is unknown. Perhaps the pathogen produces a growth 
stimulant or induces a change in stomatal conductance and 
resultant pollutant uptake. 
F_. oxy sp orum was found to incite wilt in soybeans in 
other areas (1-3,29). Those strains tested using the seedling 
assay and added to soil were never observed to incite wilt. 
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A few seedlings were killed by strains in the seedling assay, 
however this was due to severe cortical decay as the pathogen 
did not colonize the vascular system. Perhaps the lack of 
soybean culture in Massachusetts has prevented the build up 
of a virulent wilt-inducing strain. The soybean genotypes 
used in this study may have also been resistant to vascular 
infection. 
Ozone and F_. oxy sp o rum influenced soybean growth and 
effects of the two pathogens were additive as air x soil 
interactions were not significant for most grwoth parameters 
tested. Ozone and F_. oxy sp o r urn additively reduced shoot dry 
weight in both experiments. Ozone affected shoot growth of 
PI 153.283 (S) more severely than PI 189.907 (T) as the air x 
genotype interaction was significant for the first experiment 
and trends remained the same during the second experiment. 
These growth results were similar to visible foliar injury 
results that indicated PI 189.907 (T) had fewer leaves in¬ 
jured and delayed symptom expression compared to PI 153.283 
(S). Visible foliar injury and growth reductions were more 
severe during the second experiment and resulted in signifi¬ 
cant shoot growth reductions for both genotypes. Temperature 
and relative humidities were higher for the second experiment 
and daytime temperatures of 40°C or more were recorded on a 
number of occasions. Increasing temperature and relative 
humidity is known to make plants more sensitive to ozone 
( 24, 25,26). The high temperatures and relative humidities 
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encountered in the second experiment increased foliar injury 
levels and growth reductions. Apparently these conditions 
rendered PI 189.907 (T) plants more sensitive to ozone. Even 
under these conditions, PI 189.907 (T) had less visible 
injury and 10% less reduced shoot growth due to ozone than 
PI 153.283 (S). It is concluded that foliar injury and shoot 
growth were related for the two genotypes studied. 
Heagle reported threshold limits for significant shoot 
weight reductions of Hood and Dare soybean cultivars to be 
between .09 and .12 ppm (35). Shoot growth reductions were 
obtained here for .06-.08 ppm ozone, however plants were 
fumigated for longer periods and were sampled over time. Lee 
68 and Scott cultivars showed no significant shoot weight 
reduction due to ozone (35). Shoot growth and foliar injury 
rankings were the same for all cultivars except Hood (35). 
Hood and Dare cultivars were most sensitive when trifoliate 
injury was evaluated, however. Hood had the lowest sensi¬ 
tivity when unifoliate injury was evaluated (35). That study 
also showed differences between experiment replicates and had 
wide ranges in temperature and relative humidity. 
Roots were more severely affected by ozone than shoots 
in both experiments in this study. Air x genotype inter¬ 
actions were not significant in either experiment as root 
growth was inhibited in both genotypes. The fact that geno¬ 
types had significantly different root dry weights was due 
p rimarily to genetic differences as ozone insensitivy ac - 
89 
counted for only 13% of the obseved difference. The severe 
impact of ozone on soybean root growth has been observed 
elsewhere (10,35) and results have been attributed to reduced 
photosynthate translocation from ozone injured shoots to 
roots (41). F. oxysporum did not alter root growth in either 
experiment. This was probably due to the small effect the 
pathogen had on secondary feeder roots as the pathogen caused 
little or root pruning. The severe impact of ozone on plant 
roots warrants more research as very little is known about 
root effects. 
Ozone reduced leaf area of only PI 153.283 (S) in the 
first experiment while reducing leaf area of both genotypes 
in the second. This was attributable to the more severe 
injury systained to plants in the second experiment due to 
environmental conditions. Leaf area reductions due to ozone 
appeared to be caused by defoliation of ozone injured leaves 
(premature senescence) and not an inhibition of leaf expan¬ 
sion as reductions occurred during later sampling periods. 
This is probably related to the fact that leaves become 
susceptible to ozone only during the latter stages of leaf 
expansion (113). 
Ozone caused a greater reduction in leaf weight than in 
leaf area while F_. oxysporum did not influence these param¬ 
eters . Leaf weight was significantly reduced for both cul- 
tivars during both experiments (no significant air x genotype 
interaction), however this reduction was 30% for PI 153.283 
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(S) and only 12% for PI 189.907 (T). It was evident that 
leaf defoliation did not entirely account for this reduction 
as only a 10% loss occurred in leaf area compared to a 20% 
loss in leaf weight for both genotypes in the first experi¬ 
ment. Apparently cell necrosis in ozone injured leaves also 
contributed to lowered leaf weight associated with ozone. 
Growth analysis results explained and strengthened 
observed dry weight changes caused by ozone and F_. oxyp sporum. 
Ozone alone reduced relative growth rate (biomass accumula¬ 
tion) of PI 153.283 (S) plants. Plants of both genotypes 
infected with F_. oxysporum had lower initial relative growth 
rates, however, decline was less rapid and relative growth 
rates were higher for the later sampling dates. Ozone and F_. 
oxy sporum, in combination, additively reduced relative growth 
rates of both genotypes. Relative growth of PI 189.907 (T) 
was reduced by ozone when F_. oxy sp or urn infected plants were 
exposed. These results confirmed the fact that plants in¬ 
fected with F_. oxy sp o rum were more sensitive to ozone than 
non-infected plants. Growth analysis also showed that the 
genotype tolerant to foliar injury was also tolerant to the 
adverse growth effects of ozone. This demonstrated the 
apparent relation of foliar injury to growth in these 
genotypes. 
Relative growth rate was partitioned into unit leaf rate 
and leaf area ratio to elucidate how growth was altered by the 
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two pathogens. Unit leaf rate was not affected by ozone for 
PI 189.907 (T) while a marked reduction was evident in PI 
153.283 (S). F_. oxysporum infected plants had high unit leaf 
rates alone suggesting a stimulatory effect of the pathogen, 
particularly during later sampling periods. Both pathogens 
together caused the greatest reduction. Unit leaf rate 
measures photosynthetic or carbon assimilation capacity sug¬ 
gesting ozone’s effect was through a reduction in photosyn¬ 
thesis. Growth reduction by either pathogen was not due to 
plant leafiness as leaf area ratios were not altered for 
either genotype or treatment. These growth analysis results 
are similar to other studies involving pollutant effects on 
growth and physiological processes. Others have shown that 
pollutants reduce relative growth rate and act on growth via 
photosynthesis. Bell et. al. showed ryegrass growth reduction 
caused by sulphur dioxide to be due to a depression in unit 
leaf rate (6). Oshima also determined that ozone reduced 
relative growth rates of cotton and parsley (90,91). Physi¬ 
ological studies also agree upon reduced photosynthesis as a 
primary cause of lowered growth (41,42). Chlorophyll reduc¬ 
tion has been measured directly for bean plants exposed to 
ozone (62). 
Pod number per plant was reduced by ozone and F_. oxy spo rum 
for both genotypes in the second experiment. Reduced pod set 
could be important in terms of yield loss in the field by one 
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or both pathogens. It would have been interesting to measure 
pod set during the first experiment when both genotypes 
responded more characteristically to the pollutant. Ozone 
effects on yield of these genotypes and others in the field 
will be addressed in Chapter IV. 
The two genotypes selected for these experiments were 
chosen for their reaction to ambient ozone in terms of visible 
foliar injury. The genotypes responded as predicted for 
growth parameters as well as visible foliar injury. PI 
153.283 (S) was always more sensitive to the adverse effects 
of ozone than PI 189.907 (T). Although the genotypes re¬ 
sponded to ozone more or less as predicted from selection to 
their response to ambient ozone, differences between ambient 
and greenhouse responses were noted. The main difference was 
for PI 189.907 (T) which to date has never shown oxidant 
injury symptoms in the field despite culture under ambient 
conditions for three years. This genotype did show oxidant 
leaf injury in the greenhouse. Injury was less severe and 
appeared later than PI 153.283 (S) but occurred in all ex¬ 
periments. Not much is known about why greenhouse grown 
plants are more sensitive than field grown plants. Research 
in this area is needed because understanding this phenomenon 
would aid in the identification of characteristics that make 
plants sensitive and tolerant to ozone. 
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CHAPTER IV 
EFFECTS OF ANTIOXIDANT COMPOUNDS ON AMBIENT OZONE 
INJURY AND YIELD COMPONENTS OF FOUR EARLY- 
MATURING SOYBEAN GENOTYPES 
Methods and Materials 
Field plots were established to test the efficacy of two 
antioxidant compounds at the research farm in Amherst, MA. 
The site contained sandy loam soil that had a previous 
cropping history of beans and soybeans. Granular fer¬ 
tilizer at 39 kg/ha CO(NH2>2, 39 kg/ha (NH4)2HPC>4, and 39 
kg/ha K20; and ground limestone at 1120 kg/ha were incor¬ 
porated into the soil prior to planting. Soil pH was 6.5 at 
planting. Four genotypes were chosen for use based upon 
their visible injury reaction to ambient ozone (Chapter II). 
Field plots were established over a 185.8 m area. Twelve 
1.83 m plots of each genotype were planted on 1.22 m centers 
with 1.22 m between plots in a row. Seeds were treated 
with a powdered peat preparation of Rhizobium japonicum 
(soybean inoculant, Nitragin Co., Clearwater, FL) and 
planted on June 10, 1984. Plants were thinned after seed¬ 
ling emergence was complete to 8-12 cm between plants. 
Each of the twelve plots of each genotype were completely 
randomized within the site. 
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Antioxidant treatments were initiated when unifoliate 
leaves were fully expanded (June 26) and were applied 
weekly until August 28 for a total of ten applications. 
Two antioxidant compounds were tested. Benomyl (Benlate 
50WP, E.I. DuPont De Nemours, Wilmington, DE) was applied 
as a foliar spray at a rate of 2.5g/l a.i. (16,87). Plants 
were sprayed to runoff and both adaxial and abaxial leaf 
surfaces were sprayed. Ethylene diurea (EDU) was applied 
as a soil drench at a rate of 1.5 1 of 500 ppm aqueous EDU 
per plot (18, G. Smith, personal communication). EDU solu¬ 
tion was applied with a watering can evenly to the base of 
the plants and care was taken not to expose the foliage. 
1.5 1 of water was applied control plots as well as beno¬ 
myl treated plots to remove soil water as an experimental 
variable. Benomyl, EDU, and control treatments were repli¬ 
cated four times on each of the four genotypes (complete 
random design). Weeds were managed by manual cultivation 
and irrigation was applied with overhead sprinkler as 
needed to prevent water stress. 
Ambient ozone concentrations were continuously monitored 
throughout the summer in Amherst, MA. A Dasibi model 
1003AH ozone monitor (UV spectrophotometer) was wired to a 
chart recorder to document ambient ozone concentrations. 
Ozone concentrations were averaged over 0700-1900 hrs. EST 
for each day and weekly 12 hr. mean values were calculated. 
These hours were chosen to include all daylight hours in the 
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summer. In addition, the frequency of .06, .08, .10, .12, 
.14, and .16 ppm hourly episodes were also calculated for 
each week. 
Plants were evaluated for visible foliar injury and 
yield. Foliar injury was assessed for each plant using the 
following disease index: 0=healthy leaves, 1=<20% leaf area 
necrotic, 2=>20%-<40% leaf area necrotic, 3=>40%-<60% leaf 
area necrotic, 4=>60%-<80% leaf area necrotic, 5=>80%-100% 
leaf area necrotic. Yield components were evaluated in 
early October when seeds had dried to 15% moisture content 
(14). 15 plants were harvested starting from a randomly 
selected point in each plot. Yield components determined 
were number of pods and seeds per plant, seeds per pod, 
seed weight per plant, and weight per seed. All data were 
subjected to analysis of variance to test for treatment and 
genotype effects. Duncan's multiple range test was applied 
to treatment means within each genotype when a significant 
treatment x genotype interaction occurred. 
Results 
Ozone concentrations for the summer 1984 are shown 
(Figure 9). Weekly 12 hr. means are depicted in a line 
graph and episode distributions are shown as a histogram. 
There were 137 hrs at .06-.08 ppm, 72 hrs at .08-.10 ppm. 
Fig. 9. Weekly 12 hr. mean (0700-1900 hr. EST) 
concentrations (•—■ •) and hourly episode 
(histogram) recorded in summer 1984 in Amherst 
ozone 
frequencies 
MA. 
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18 hrs. at .10-.12 ppm, 2 hrs. at .12-.14 ppm, and 1 hr at 
ppm. These episodes were the total for the season 
from 0700-1900 hrs. EST daily that were potentially phyto¬ 
toxic. Weekly 12 hr. mean ozone concentrations ranged from 
.033-.056 ppm. The seasonal 12 hr. mean ozone concentration 
was . 04 3 ppm. 
Visible ozone injury was observed on foliage of PI 
153.283 (S) and PI 153.284 (S) plants and not on foliage of 
^^ 153.317 (T) and PI 189.907 (T) plants. Injury first 
appeared as stippling or bronzing of unifoliate leaves and 
symptoms progressed to include lower trifoliate leaves. 
Analysis of variance of the injury index for sensitive 
genotypes resulted in a significant treatment effect but not 
genotype effect or treatment x genotype interaction (Table 
26). Non-treated plants of the sensitive genotypes had 
approximately 22% leaves stippled. Benomyl and EDU treat¬ 
ments significantly reduced, but did not eliminate, visible 
foliar injury. Treated plants had approximately 6% leaf 
injury. Both EDU and benomyl were equally effective on 
both ozone-sensitive genotypes as indicated by the non¬ 
significant genotype x treatment interaction. 
Benomyl and EDU treatments significantly affected pod 
number per plant (Table 27). The antioxidant treatments 
differentially affected pods per plant on the four genotypes 
(Table 28). Treatment effects were significant for PI 
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Table 26. Effects of EDU and benomyl on ozone Injury index 
of two ozone-sensitive soybean genotypes. 
Source Sum of squares df Mean square F . Prob . 
T 55.2055 2 27.6028 99.59 . 0000 
G . 6250 1 . 6250 2.25 .1341 
TG . 6500 2 . 3250 1.17 .3108 
Error 98.1167 354 . 2772 
Treatment Ozone injury index 
a 
control 
benomy1 
EDU 
1.15 a 
. 35 b 
.29 b 
a mean values of 120 plants, 60-PI 153.283, 60-PI 153.284. 
disease index 0-5 based upon % leaf area injured. 
Values followed by the same letter do not differ 
significantly according to Duncan’s multiple range test 
(P=0.05). 
T=treatment, G=genotype. 
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Table 27. Effects of EDU and benomyl on number of pods per 
plant of two ozone-sensitive and two ozone-tolerant soybean 
genotypes in the field. 
Source Sum of squares df Mean square F Prob . 
T 6176.4000 2 3088.2100 6.76 .0012 
G 122318.4000 3 40772 . 7900 89.19 .0000 
TG 10494.0000 6 1748.9900 3.83 .0009 
Error 323642.4000 708 45 7.1200 
T=treatment, G=genotype. 
v 
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Table 28. Influence of EDU and benomyl on number of pods 
per plant of two ozone—sensitive (S) and two ozone- 
tolerant (T) soybean genotypes in the field. 
Source Sum of squares df Mean square F 
T:G1 (T) 104.4300 2 52.2150 .11 
T:G2 (T) 1257.1000 2 628.5500 1.37* 
T:G 3 (S) 5564.5800 2 2782.2900 6.09* 
T:G4 (S) 9794.9781 2 4897.4891 10.71 
Error 323642.4000 708 457 . 1200 
No . p o d s/planta 
Genotype: PI 153.317 PI 189.907 PI 153.283 PI 153.284 
(Gl-T) (G2-T) (G3-S) (G4-S) 
Treatment: 
control 
benomy1 
EDU 
30.6 ns. 
28.8 
30.0 
45.2 ns. 
45.5 
39.8 
F significant at p=0.05. 
55.9 a 
65.2 b 
69.2 b 
47.2 a 
62.9 b 
mean values of 60 plants. 
values in a column followed by the same letter do not 
differ significantly according to Duncan’s multiple 
range test at P=0.05. 
ns.=no significant difference. 
T=treatment, G=genotype. 
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153.283 (S) and PI 153.284 (S) but not for PI 189.907 (T) 
and PI 153.317 (T). Pod number per plant was increased for 
PI 153.283 (S) and PI 153.284 (S) by benomyl 16.6% and 33.3% 
and by EDU 23.8% and 32.6% respectively compared to non- 
treated plants. No significant difference between anti¬ 
oxidant treatments was evident for any genotype. Genotype 
differences were significant as the sensitive genotypes 
yielded more pods per plant than either tolerant genotype 
(Tables 27,28). 
Number of seeds per pod was not significantly affected by 
benomyl or EDU treatments (Table 29). Genotype also had no 
effect on pod number as treatment means for all genotypes 
were between 2.13-2.32 seeds per pod (Table 29). No sig¬ 
nificant treatment x genotype interaction indicated there 
v, 
were no treatment effects within any genotype. 
Seed number per plant was significantly influenced by the 
antioxidant treatments (Table 30). Benomyl and EDU treat¬ 
ments differentially affected the genotypes. Treatment 
effects were significant for PI 153.283 (S) and 153.284 (S) 
but not for PI 153.317 (T) and PI 189.907 (T) (Table 31). 
Benomyl and EDU significantly increased seed number of PI 
153.283 (S) 19.25% and 24.4% and of PI 153.284 (S) 37.0% and 
31.3% respectively. No significant differences between EDU 
and benomyl were evident on any genotype. Genotypes were 
significantly different as sensitive genotypes had more 
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Table 29. Influence of EDU and benomyl on number of seeds 
per pod for two ozone-sensitive (S) and two ozone-tolerant 
(T) soybean genotypes in the field. 
Source Sum of squares df Mean square F Prob . 
T . 1225 2 .0613 .71 .492 1 
G .2868 3 .0956 1.11 . 345 3 
TG .8305 6 .1384 1.60 . 1434 
Error 61.1142 708 . 0863 
No. seeds/pod 
Genotype : PI 153.317 PI 189.907 PI 153.283 PI 153.284 
(T) (T) (S) (S) 
Treatment: 
control 2.21 ns • 2.25 ns. 2.25 ns. 2.27 ns. 
benomyl 2.26 2.17 2.31 2.31 
EDU 2.24 2 .32 2.28 2 .26 
mean values of 60 plants. 
ns.= no significant difference. 
T=treatment, G=genotype. 
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Table 30. Effects of EDU and benomyl on number of seeds per 
plant of two ozone-sensitive and two ozone-tolerant soybean 
genotypes in the field. 
Source Sum of squares df Mean square F Prob . 
T 38343.0000 2 19171.7000 6.69 .0013 
G 698205 .0000 3 232734.9000 81.18 . 0000 
TG 62896.0000 6 10482.6000 3.66 .0014 
Error 2029853.0000 708 2867.0000 
T=treatment, G=genotype. 
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Table 31. Influence of EDU and benomyl on number of seeds 
per plant of two ozone-sensitive (S) and two ozone-tolerant 
(T) soybean genotypes in the field. 
Source Sum of squares df Mean square F 
T : G 1 (T) 290.2036 2 145 .1018 . 05 
T : G2 (T) 12054.4310 2 6027.2157 2.10* 
T : G3 (S) 32857.7190 2 16428.8600 5 • 7 3 ^ 
T:G4 (S) 56036.7030 2 28018.3520 9 .77 
Error 2029853.0000 708 2867.0000 
No . seeds/planta - 
Genotype: PI 153.317 PI 189.907 PI 153.283 PI 153.284 
(Gl-T) (G2-T) (G3-S) (G4-S) 
Treatment: 
cont rol 
benomyl 
EDU 
6 7.7 ns . 
65 . 1 
67.8 
103.1 ns. 
88.4 
107.6 
128.5 a 
153.2 b 
159.9 b 
108.5 a 
148.7 b 
142.5 b 
F significant at p=0.05. 
mean values of 60 plants. 
values in a column followed by the same letter do not 
differ significantly according to Duncan's multiple 
range test at P=0.05. 
ns.=no significant difference. 
T=treatment, G=genotype. 
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seeds per plant than tolerant genotypes (Tables 30,31). 
Total seed weight per plant was also significantly 
affected by EDU and benomyl treatments (Table 32). The 
genotypes also responded differently to the antioxidant 
treatments (Table 33). Antioxidant treatments signifi¬ 
cantly increased total seed weight per plant of PI 
153.283 (S) and PI 153.284 (S) but not of PI 153.317 (T) and 
PI 189.907 (T). Total seed weight was increased for PI 
153.283 (S) and PI 153.284 (S) by benomyl 18.3% and 30.4% 
and by EDU 34.6% and 33.9% respectively. There were no 
significant differences between EDU and benomyl treatments 
for any of the genotypes. Genotypes had differing total 
seed weight as PI 153.317 (T) and PI 189.907 (T) yielded 
less than the ozone-sensitive genotypes. 
Weight per seed was significantly affected by the anti¬ 
oxidant treatments (Table 34). Antioxidant treatments 
influenced the genotypes differently (Table 35). Treatment 
effects were significant only for PI 153.283 (S). EDU 
significantly increased weight per seed (10.4%) compared to 
non-treated plants for PI 153.283 (S). Benomyl had no 
effect on weight per seed of that genotype. Benomyl and EDU 
did not significantly affect this yield component for any 
other genotype. Genotypes differed in that ozone-tolerant 
genotypes had higher weight per seed than ozone-sensitive 
genotypes (Table 35). 
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Table 32. Effects of EDU and benomyl on total seed weight 
per plant of two ozone-sensitive (S) and two ozone-tolerant 
(T) soybean genotypes in the field. 
Source Sum of squares df Mean square F Prob . 
T 1510.9000 2 755 . 4380 8.21 . 0003 
G 8782.9000 3 292 7 .6210 31.83 .0000 
TG 1756.0000 6 292 .6610 3 . 18 .0004 
Error 65121.2000 708 91 . 9790 
T=treatment, G=genotype. 
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Table 33. Influence of EDU and benomyl on total seed weight 
per plant of two ozone—sensitive (S) and two ozone—tolerant 
(T) soybean genotypes in the field. 
Source Sum of squares df Mean square F 
T: G1 (T) 35 . 1633 2 17.5816 . 19 
T :G2 (T) 545 . 9007 2 272 . 9503 2.97* 
T : G3 (S) 1441.9147 2 720.9574 7.84* 
T : G4 (S) 1243.8670 2 621.9335 6.76 
Error 65 12 1.2000 708 91.9790 
Total seed weight/plant (g) 
a 
Genotyp e: PI 153.317 PI 189.907 PI 153.283 PI 
(Gl-T) (G2-T) (G3-S) 
153.284 
(G4-S) 
Treatment: 
control 
benomyl 
EDU 
14.4 ns. 
13.6 
14.7 
20.8 ns. 
17.6 
21.7 
20.2 a 
23.9 b 
27.2 b 
17.4 a 
22.7 b 
23.3 b 
* F significant at P=0.05. 
£ 
mean values of 60 plants. 
values in a column followed by the same letter do not 
differ significantly at p=0.05 according to Duncan's 
multiple range test. 
ns.=no significant difference. 
T=treatment, G=genotype. 
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Table 34. Effects of EDU and benomyl on weight per seed of 
two ozone-sensitive and two ozone-tolerant soybean genotypes 
in the field. 
Source Sum o f square s df Mean square F Prob . 
T .0050 2 .0025 6 .38 .0018 
G .4024 3 .1341 342.43 .0000 
TG .0065 6 .0011 2.76 .0118 
Error . 2773 708 .0004 
T=treatment, G=genotype. 
I 
no 
Table 35. Influence of EDU and benomyl on weight per seed of 
two ozone-sensitive (S) and two ozone-tolerant (T) soybean 
genotypes in the field. 
Source Sum of squares df Mean square F 
T : G1 (T) .0010 2 .0005 1 .22 
T:G2 (T) .0001 2 .00007 .17* 
T : G3 (S) .0090 2 .0045 11.23 
T:G4 (S) .0014 2 .0007 1 . 75 
Error . 2773 708 .0004 
Mean seed weight (g) 
a 
Genotypes: PI 153.317 PI 189.907 PI 153.283 PI 153.284 
(Gl-T) (G2-T) (G3-S) (G4-S) 
Treatment: 
control .211 ns . .200 ns. . 154 a .160 ns. 
benomyl .209 .200 . 156 a . 155 
EDU .215 .198 .170 b . 161 
1 
F significant at p=0.05 
mean values of 60 plants. 
values in a column followed by the same letter do not 
differ significantly according to Duncan's multiple 
range test at p=0.05. 
ns.=no significant difference. 
T=treatment, G=genotype. 
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Dis cus si on 
These results indicate ozone reduced pod and seed 
number per plant, and total seed weight per plant of both 
ozone sensitive genotypes. Weight per seed was only 
increased by EDU application for one ozone sensitive geno¬ 
type. The observed increases in these yield components with 
antioxidant treatment demonstrate that ozone was responsible 
for yield loss in the sensitive genotypes because the anti¬ 
oxidants did not influence yield components of the ozone 
tolerant genotypes. EDU and benomyl treatment also sig— 
nificantly reduced visible foliar injury for both ozone 
sensitive genotypes. No visible foliar injury was observed 
on the ozone tolerant genotypes in this study or during 
culture under ambient conditions for two previous summers 
(Chapter II). Antioxidant treatments using benomyl or EDU 
are apparently effective means for crop loss assessment due 
to ozone. It is also apparent that visible ozone injury 
response is related to growth (Chapter III) and yield 
responses of these early-maturing genotypes. 
Soybean yield loss has been reported by others to be 
caused by ozone using primarily open-top field chambers. 
Heagle et. al. reported reduced seed weight, seed number, 
and number of pods per plant of Dare soybeans fumigated 
with .10 ppm ozone for 6 hr/day (37). Howell et . al . 
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showed ambient ozone reduced yield of Cutler, York, Clark, 
and Dare soybeans 20% when plants were grown in non-filtered 
compared to carbon filtered open-top field chambers (52). 
No loss was observed for non-chambered plants and the 
authors concluded a "chamber effect" predisposed plants to 
ozone induced yield loss. Cutler and York were reported to 
be tolerant to ozone yet no significant cultivar x ozone 
interaction was observed. Kress and Miller reported no 
chamber effect and found ozone at .05-.10 ppm reduced pods 
per plant, seeds per pod, weight per seed, and % oil content 
of Corsoy soybeans in open-top field chambers (67). Linear 
regression of seed weight per plant vs. ozone dose revealed 
7 hr. mean ozone concentrations of .05-.10 ppm reduced 
yield 15-44%. Ambient air (.042 ppm 7 hr. X) reduced yield 
11% in that study. Heagle et. al. demonstrated .055 ppm 
ozone (7 hr. X) induced a 20% reduction in seed weight with 
Davis soybeans (38). Heagle and Letchworth reported that 
foliar injury response did not always correlate with yield 
response using four different soybean cultivars differing 
in foliar sensitivity grown in open-top field chambers (39). 
Reich and Amundson reported . 06-. 08 ppm ozone caused 2-5% 
reduction in weight per seed and seeds per pod, and a 17-25% 
reduction in seed yield using a linear gradient exposure 
technique (96). 
Yield loss due to ozone reported by Reich and Amundson 
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(96), Heagle et. al. (38), and Kress and Miller (67) were 
similar to that reported here. These and other reports 
indicate however, that weight per seed and seeds per pod 
were reduced by ozone. Results in this study showed only 
EDU application on one ozone-sensitive genotype increased 
weight per seed and ozone did not influence seeds per pod in 
any genotype. Yield loss was due primarily to a reduction 
in pods per plant which was confirmed in greenhouse studies 
(Chapter III). Most other reports also implicate ozone as 
causing a reduction in pods per plant. 
The four genotypes tested responded similarly in terms of 
foliar sensitivity and yield in contrast to other reports 
(39,52). This relationship may be due to the complete lack 
of symptom development on the ozone-tolerant genotypes in 
this field experiment. No oxidant damage was observed in 
two previous years of field screening on these two genotypes 
(Chapter III). The ozone-sensitive genotypes grown here 
were black-seeded types which differ in agronomic traits to 
the standard yellow seeded cultivars grown in the other 
studies. The ozone-sensitive also are indeterminate in 
flowering habit which may make them more susceptible to 
yield loss as flowering occurs over a longer period than the 
determinate types grown elsewhere (95). Another difference 
in this study was that treatment effects were examined 
within each genotype. Ozone-tolerant genotypes had genti- 
cally different yield potential compared to the sensitive 
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genotypes. Only examination of treatment effects for each 
genotype separately clearly showed differences as the 
sensitive genotypes had higher levels of most yield com¬ 
ponents than the tolerant genotypes. 
Antioxidants EDU and benomyl are both effective tools 
for crop loss assessment with soybeans. These compounds 
were successfully used on other crops as well. Manning used 
benomyl to demonstrate ozone effects on bean in the field 
and greenhouse (82,83). The field work also correlated 
yield and injury responses for bean cultivars differing in 
foliar sensitivity to the pollutant (83). Clarke et. al . 
reported reduced yield loss and foliar injury using EDU on 
potatoes over three years in the field (17). Hofstra et. 
al. used EDU to reduce oxidant injury and yield loss in 
navy beans in field trials (50). That report showed EDU to 
be superior to benomyl and carboxin. Results in this 
report show both compounds are equally effective antioxi- 
^^ts which protected two sensitive soybean genotypes. 
Protection against visible foliar injury was not absolute as 
oxidant stippling was observed on some benomyl and EDU 
treated plants. This is similar to greenhosue tests that 
showed EDU reduced but did not eliminate, visible ozone 
injury to soybean when applied as a spray or drench (16). 
Legassicke and Ormrod tested EDU effects on tomato 
plants exposed to zone in chambers and in the field (73). 
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EDU as a spray or drench reduced foliar injury in chambers. 
Field testing showed a 30% increase in yield of Tiny Tim 
tomato in the field, however no visible foliar injury was 
observed. The authors concluded EDU may have a growth 
stimulation effect and yield increases could not be defi¬ 
nitely attributed to protection against ozone (73). Results 
in this report showed for the four genotypes tested, growth 
promotion did not appear to account EDU or benomyl responses. 
The antioxidants did not affect yield increases in the two 
genotypes tolerant to ozone. If the compounds were growth 
promoters, one would expect a yield increase for plants 
tolerant as well as sensitive to ozone. 
Utilization of chemical antioxidants is an effective 
approach for plant protection from ozone and as a tool for 
crop loss assessment. This approach has several advantages 
• • 
over open-top field chambers. Cultural conditions are more 
realistic and any possible chamber effects are eliminated. 
The use of EDU or benomyl is more economical than field 
chambers, however EDU availability is a problem. A drawback 
to the use of benomyl is that the compound is also a fungi¬ 
cide and disease control may confound results. We observed 
no biotic foliar pathogens sensitive to benomyl in our 
experiment. This factor may be a problem for crop loss 
assessment studies where benomyl sensitive disease pressure 
is high. More research is needed to determine optimal rates 
and application timing of these compounds and the tests 
should be continued in different years and locations. 
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CHAPTER V 
SUMMARY 
This research was carried out to answer four questions 
about the effects of ozone, an environmental stress, on 
short-season soybeans. Firstly, does variability exist in 
injury response to ozone among a randomly selected group of 
genotypes? Secondly, how is injury response inherited and 
would a tolerant response be useful to a breeder? Thirdly, 
how does ozone interact with a chronic root/hypocoty1 
pathogen such as Fusarium oxysporum? Finally, are anti¬ 
oxidant compounds effective as ozone—protectants and tools 
for crop loss assessment in these genotypes? The results of 
this research are summarized below in relation to these 
questions. 
Variability in injury response was found among the 140 
short-season genotypes evaluated, however, sensitivity was 
the exception. Only two genotypes were sensitive to ambient 
ozone exhibiting 25%-50% stippled foliage. Most of the 
US/Canadian cultivars tested were tolerant in response to 
ozone. A few of the genotypes evaluated during this study 
including Evans, the cultivar recommended for this locale, 
were never visibly injured by ambient ozone during the three 
growing seasons. The geographic origin of the genotypes 
did not seem to influence injury response. Tolerant and 
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sensitive genotypes were found that had origins in close 
proximity in Europe. 
Injury response to ozone was found to be a complexly 
inherited trait. The genetic analysis of ozone injury 
response described included two tolerant genotypes and gave similar 
results. Injury response is inherited by a few genes and a 
tolerant response would be difficult to incorporate into a 
sensitive genotype using simple breeding techniques. More 
complex breeding methods such as recurrent selection would 
be required to utilize the tolerant response trait. 
Plant infection by Fusarium oxysp orum increased sensi- 
I 
tivity of plants to ozone, however, ozone had a minimal 
effect upon root response to Fusarium. Visible injury by 
ozone was increased by Fusarium infection mainly for the 
ozone-tolerant genotype. Growth reductions caused by ozone 
were greater, however, for both tolerant and sensitive geno¬ 
types. Tolerant and sensitive genotypes selected for their 
visible injury response, also had similar growth responses 
to ozone when plants were not grown under high greenhouse 
temperatures. Ozone alone reduced relative growth rate of 
only the ozone-sensitive genotype. Ozone had the greatest 
effect on Fusarium-infected plants causing a growth reduc¬ 
tion in both genotypes. Growth reductions caused by ozone 
were due to impaired photosynthetic efficiency and not to 
reduced plant leafiness. Ozone caused an increase in root/ 
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hypocotyl colonization by Fusarium when plants were grown in 
natural field soil, however root/hypocoty1 rot severity was 
not affected. The association of Rhizoct onia and Pythium 
in the root/hypocotyl rot complex in natural soil along with 
low Fusarium virulence accounted for the similarity in 
disease severity. The increased ozone-sensitivity of 
Fusarium infected plants is a significant result. Studies on 
ozone-sensitivity of plants done in pasteurized soil may 
underestimate ozone effects. 
Treatment of plants with protective applications of 
either benomyl or EDU resulted in reduced visible injury and 
yield component loss. Ozone caused a reduction in number of 
pods per plant, seeds per plant, and total seed weight per 
plant in the two ozone-sensitive genotypes tested. Seeds 
per pod was not influenced by ozone while weight per seed 
was lowered by ozone in only one sensitive genotype. Yield 
loss was due primarily to lower pods per plant. Genotype 
sensitivity was related to yield response as yields were 
lowered only in genotypes visibly injured by ozone.. Benomyl 
and EDU seemed to act primarily as ozone protectants as 
yields were not increased for ozone-tolerant genotypes. The 
use of antioxidant compounds is a successful approach to 
crop loss assessment for ambient ozone. Care should also be 
taken to examine treatment effects within each genotype tested 
as ozone-sensitive genotypes tested had higher levels of most 
yield components than the ozone-1olerant lines. 
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